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(54) An exhaust gas purification device for an internal combustion engine 



(57) In the exhaust gas purification device of the 
present invention, No. 1 cylinder of the engine is oper- 
ated at a rich air-fuel ratio and other cylinders (No. 2 to 
No. 4) are operated at a lean air-fuel ratio. The exhaust 
gases from the No. 1 and No. 2 cylinders are mixed 
each other and form a Jean air-fuel ratio exhaust gas 
mixture. Further, since the air-fuel ratio of the No. 2 cyl- 
inder is lean, the exhaust gas from the No. 2 cylinder 
contains a relatively large amount of NO x Therefore, an 
exhaust gas mixture supplied to the three-way catalyst 
has a rich air-fuel ratio and contains a relatively large 
amount of NO x Therefore, at the three-way catalyst, a 



part of NO x in the exhaust gas mixture is converted to 
NH 3 . The exhaust gas mixture flowing out from the 
three-way catalyst and the lean exhaust gas from the 
No. 3 and No. 4 flows into a common exhaust gas pas- 
sage where they mix each other to form a lean exhaust 
gas containing NH 3 from the three-way catalyst and 
NOy fr ° m the No. 3 and No. 4 cylinders. This lean 
exhaust gas flows into a demtrating catalyst disposed 
on the common exhaust gas passage. Therefore, NOx 
in the exhaust gas is reduced by NH 3 at the demtrating 
catalyst. 



Fig.1 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to an exhaust gas 
purification device for an internal combustion engine. 
More specifically, the invention relates to a device which 
is capable of removing NO x components in the exhaust 
gas from a lean burn engine at a high efficiency. 

2. Description of the Related Art 

An exhaust gas purification device utilizing a three- 
way reducing and oxidizing catalyst (hereinafter referred 
to as a "three-way catalyst") is commonly used for 
removing HC, CO and NO x components from the 
exhaust gas of an internal combustion engine (in this 
specification, the term NOx means a nitrogen oxide 
such as NO, N0 2 , N 2 0 and N 2 0 4 in general). The three- 
way catalyst is capable of oxidizing HC and CO compo- 
nents, and reducing NOx components in the exhaust 
gas, when the air-fuel ratio of the exhaust gas is the sto- 
ichiometric air-fuel ratio. Namely, the three-way catalyst 
is capable of removing these harmful components from 
exhaust gas simultaneously when the air-fuel ratio of 
the exhaust gas is the stoichiometric air-fuel ratio. 

However, the ability of the three-way catalyst for 
reducing NO x components becomes lower as the air- 
fuel ratio of the exhaust gas becomes lean (i.e., as the 
air-fuel ratio becomes higher than the stoichiometric air- 
fuel ratio). Therefore, it is difficult to remove NO x com- 
ponents in the exhaust gas from a lean burn engine 
which is operated at, as a whole, a lean air-fuel ratio 
using a three-way catalyst. 

To sotve this problem, Japanese Unexamined Pat- 
ent Publication (Kokai) No. 4-365920 discloses an 
exhaust gas purification device utilizing a denitrating 
reaction. 

When the air-fuel ratio of the exhaust gas is lower 
than the stoichiometric air-fuel ratio (i.e., when the air- 
fuel ratio of the exhaust gas is rich), the three-way cata- 
lyst converts a portion of NO x in the exhaust gas to NH 3 
while reducing most of NOx in the exhaust gas and con- 
verting it into N 2 . The device in the '920 publication pro- 
duces NH 3 from NOx in tne exhaust gas using a three- 
way catalyst, and reacts the produced NH 3 with the NO x 
components in the exhaust gas to reduce NO x to N 2 
and H 2 0 by a denitrating reactions 

in the '920 publication, a multiple-cylinder internal 
combustion engine is used, and a group of cylinders of 
the engine are operated at a rich air-fuel ratio while 
other cylinders are operated at a lean air-fuel ratio. Fur- 
ther, a three-way catalyst having a high capability for 
converting NO x to NH 3 is disposed in an exhaust gas 
passage connected to the rich air-fuel ratio cylinders. 
After it flows through the three-way catalyst, the exhaust 
gas from the rich air-fuel ratio cylinders mixes with the 



exhaust gas from the lean air-fuel ratio cylinders. Since, 
when the exhaust gas from the rich air-fuel ratio cylin- 
ders flows through the three-way catalyst, a portion of 
NOx components in the exhaust gas is converted to an 

5 NH 3 component, the exhaust gas downstream of the 
three-way catalyst contains a relatively large amount of 
NH 3 . On the other hand, the exhaust gas from the lean 
air-fuel ratio cylinders contains a relatively large amount 
of NO x . Therefore, by mixing the exhaust gas from the 

to three-way catalyst and the exhaust gas from the lean 
air-fuel ratio cylinders, NH 3 in the exhaust gas from the 
three-way catalyst reacts with the NOx components in 
the exhaust gas from the lean air-fuel ratio cylinder, and 
NH 3 and NO x components produce N 2 and H 2 0 by a 

1 5 denitrating reaction. Thus, according to the device in the 
'920 publication, the NO x components are removed 
from the exhaust gas. 

In the device in the '920 publication, it is required 
that the amount of NH 3 produced by the three-way cat- 

2c alyst is sufficient for reducing all the amount of NO x in 
the exhaust gas from the lean air-fuel ratio cylinders. 
For example, the greatest part of NOx ' n th ^ exhaust 
gas discharged from the engine is composed of NO 
(nitrogen monoxide) and N0 2 (nitrogen dioxide) compo- 

25 nents. These NO and N0 2 components react with NH 3 
and produce N 2 and H 2 0 by the following denitrating 
reaction. 

4NH 3 + 4NO + 0 2 -+ 4N 2 + 6H 2 0 

3C 

8NH 3 + 6N0 2 -+ 7N 2 + 12H 2 0 

Therefore, in the device in the '920 publication, an 
amount of NH 3 which equals to a total of the number of 

35 moles of NO and 4/3 times the number of moles of N0 2 
is required to remove all of NOx component in the 
exhaust gas from the lean air-fuel ratio cylinders. When 
the exhaust gas contains other NOx components such 
as N 2 0 4 , N 2 0 components, the amount of NH 3 stoichi- 

4c ometricai to the amount of these components is 
required in addition to the above noted amount on NH 3 . 

However, the amount of NOx produced in the cylin- 
ders of the engine becomes the maximum when the cyl- 
inders are operated at a lean air-fuel ratio (for example, 

45 at an air-fuel ratio about 16), and decreases rapidly 
when the cylinders are operated at a rich air-fuel ratio. 
Since the device in the '920 publication converts NOx in 
the exhaust gas of the rich air-fuel ratio cylinder to pro- 
duce NH 3 , the amount of NH 3 obtained is limited by the 

so amount of NO x produced in the rich air-fuel ratio cylin- 
ders. Therefore, in the device of the '920 publication, the 
amount of NH 3 produced by the three-way catalyst is 
not sufficient to reduce all the amount of NOx in tne 
exhaust gas from the lean air-fuel ratio cylinders, and a 

55 part of NOx in the exhaust gas from the lean air-fuel 
ratio cylinder is released to the atmosphere without 
being reduced. 



EPO 802 315 A2 



4 



SUMMARY OF THE INVENTION 

In view of the problems in the related art as set forth 
above, the object of the present invention is to provide 
an exhaust gas purrfication device for an internal com- 5 
bustion engine which is capable of removing NO x in the 
exhaust gas of a lean burn engine at a high efficiency by 
producing a sufficient amount of NH 3 from exhaust gas 
and removing NO x from the exhaust gas by reacting 
NH 3 and NO x m the exhaust gas to 

This object is achieved by the exhaust gas purifica- 
tion device according to the present invention in which 
the device comprises conversion means for converting 
at least a part of the NO x components contained in the 
exhaust gas to NH 3 when the air-fuel ratio of the 75 
exhaust gas supplied to the conversion means is rich, 
NO x purrfication means disposed on an exhaust gas 
passage of the engine for causing the NO x components 
in the exhaust gas of the engine to react with NH 3 pro- 
duced by the conversion means and causing the NO x 2c 
components to be reduced to N 2 by NH 3 and NO x 
increasing means for adjusting the air-fuel ratio of the 
exhaust gas supplied to the conversion means at a rich 
air-fuel ratio and, at the same time, increasing the con- 
centration of the NO x components in the exhaust gas 25 
supplied to the conversion means to a value higher than 
the normal concentration of NO x components in the 
exhaust gas of the engine where the engine is normally 
operated at an air-fuel ratio the same as that of the 
exhaust gas adjusted by the NO x increasing means. 30 

In the present invention, conversion means such as 
a three-way catalyst is used to convert NOx in the 
exhaust gas to NH 3 . Further, in order to produce a suffi- 
cient amount of NH 3 by the conversion means to reduce 
all the amount of NO x produced by the lean air-fuel ratio 35 
cylinders, the concentration of NOx ('■£■■ the raw mate- 
rial of NH 3 ) in the exhaust gas supplied to the conver- 
sion means is increased. 

In order to increase the concentration of NO x in the 
exhaust gas supplied to the conversion means, the fol- 4c 
lowing methods, for example, can be used in the 
present invention. 

(1) Adding a portion of the exhaust gas from the 
lean air-fuel ratio cylinders to the exhaust gas from 45 
the rich air-fuel ratio cylinders to form an exhaust 
gas mixture having a rich air-fuel ratio as a whole. 
Since the exhaust gas from the lean air-fuel ratio 
contains a higher concentration of NOx * n an the 
exhaust gas from rich air-fuel ratio cylinders, the sc 
concentration of NO x in the exhaust gas mixture 
becomes higher than that in the exhaust gas from 

the rich air-fuel ratio cylinders. 

(2) Increasing the amount of NO x produced by the 
rich air-fuel ratio cylinders so that the NO x in the 55 
exhaust gas from the rich air-fue! ratio cylinders 
increases. 

Namely, according to one aspect of the present 



invention, there is provided an exhaust gas purification 
device as set forth above, wherein at least some of the 
cylinders of the engine are operated at a rich air-fuel 
ratio and at least some of the cylinders of the engine 
can be operated at a lean air-fuel ratio at the same time, 
and wherein the NO x increasing means comprises mix- 
ing means for mixing the exhaust gas from the rich air- 
fuel ratio cylinders and the exhaust gas from the lean 
air-fuef ratio cylinders to form a rich air-fuel ratio 
exhaust gas mixture to be supplied to the conversion 
means. 

The term "at least some of the cylinders of the 
engine are operated at a rich air-fuel ratio and at least 
some of the cylinders of the engine can be operated at 
a lean air-fuel ratio at the same time" means that an 
operating condition of the engine exists in which some 
cylinders of the engine are operated at a rich air-fuef 
ratio and other cylinders of the engine are operated at a 
lean air-fuel ratio simultaneously. 

According to this aspect of the invention, since a 
part of exhaust gas from the lean air-fuel ratio cylinders 
which contain a relatively high concentration of NOx IS 
mixed to the exhaust gas from the rich air-fuel ratio cyl- 
inders to form an exhaust gas mixture having a rich air- 
fuel ratio, the concentration of NOx ,n the exhaust gas 
mixture becomes higher than the concentration of NO x 
in the exhaust gas obtained by operating the cylinders 
at the air-fuel ratio same as the exhaust gas mixture. 
Therefore, the amount of NH 3 produced by the conver- 
sion means increases. 

Further, according to another aspect of the present 
invention, there is provided an exhaust gas purrfication 
device as set forth above, wherein the engine is a lean 
burn engine in which at least some of the cylinders of 
the engine are operated at a rich air-fuel ratio at least 
during a certain period of operation, and wherein the 
NOx increasing means comprises NOx production pro- 
moting means for increasing the amount of NO x pro- 
duced in the rich air-fuel ratio cylinders and supplies the 
NOx-enriched exhaust gas from the rich air-fuel ratio 
cylinders to the conversion means. 

The term "the engine is a lean burn engine in which 
at least some of the cylinders of the engine are operated 
at a rich air-fuel ratio at least during a certain period of 
operation" includes the following three type of engines 
(a) -(c): 

(a) Some cylinders are always operated at a rich 
air-fuel ratio and other cylinders are always oper- 
ated at a_rich air -fuel ratio, and the average of the 
air-fuel ratio of all the cylinders is lean. 

(b) In the engine of above (a) cylinders to be oper- 
ated at a rich air-fuel ratio are switched sequentially 
and, during a certain period, all the cylinders of the 
engine experience the rich air-fuel ratio operation. 

(c) In the normal operation, all the cylinders of the 
engine are operated at a lean air-fuel ratio, and 
some cylinders (or all the cylinders) are operated at 
a rich air-fuel ratio during a specific period. 
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According to this aspect of the invention, since the 
amount of NO x produced by the rich air-fuel ratio cylin- 
ders itself is increased, an exhaust gas having a rich air- 
fuel ratio and containing a relatively high concentration 
of NO x is supplied to the conversion means. Therefore, 
the amount of NH 3 produced by the conversion means 
increases. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be better understood 
from the description as set forth hereinafter, with refer- 
ence to the accompanying drawings in which: 

Fig, 1 schematically illustrates the general configu- 
ration of an embodiment of the exhaust gas purifi- 
cation device according to the present invention; 
Fig. 2 is a graph showing typical changes in total 
conversion efficiency of NO x and a ratio of NO x 
converted to NH 3 to the total amount of converted 
NO x ; 

Fig. 3 is a graph showing typical changes of the 
amounts of NO x and HC produced in the cylinders 
in accordance with the change in the excess air 
ratio of the combustion in the cylinders; 
Fig, 4 is a flowchart explaining a cylinder air-fuel 
ratio switching control of the embodiment in Fig. 1 ; 
Fig. 5 schematically illustrates another embodiment 
of the exhaust gas purification device according to 
the present invention: 

Fig. 6 shows a flowchart explaining an air-fuel ratio 
switching control of the cylinders of the embodi- 
ment in Fig. 5; 

Fig, 7 schematically illustrates another embodiment 
of the exhaust gas purification device according to 
the present invention; 

Fig. 8 shows a operating load range map of the 
engine in the embodiment in Fig. 7; 
Fig. 9 shows a flowchart explaining an air-fuel ratio 
switching control of the cylinders in the embodiment 

in Fig. 7; 

Fig. 10 schematically illustrates another embodi- 
ment of the exhaust gas purification device accord- 
ing to the present invention; 

Figs. 1 1 and 12 show a flowchart explaining an air- 
fuel ratio switching control of the cylinders in the 
embodiment in Fig. 10, 

Fig. 13 schematically illustrates another embodi- 
ment of the exhaust gas purification device accord- 
ing to the present invention; 

Fig. 14 shows a flowchart explaining an air-fuel 
ratio switching control of the cylinders in the 
embodiment in Fig. 13; 

Fig. 15 schematically illustrates another embodi- 
ment of the exhaust gas purification device accord- 
ing to the present invention; 

Fig. 16 schematically illustrates another embodi- 
ment of the exhaust gas purification device accord- 
ing to the present invention, 
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Fig. 17 schematically illustrates another embodi- 
ment of the exhaust gas purification device accord- 
ing to the present invention, 

Fig. 18 schematically illustrates another embodi- 
5 ment of the exhaust gas purification device accord- 

ing to the present invention; 

Fig. 19 shows a timing chart illustrating the air-fuel 
ratio switching control of the cylinders in the 
embodiment in Fig. 17; 

ic Fig. 20 is a graph showing the change in the 

amount of NO x produced in the cylinder in accord- 
ance with the changes in the ignition timing and the 
compression ratio of the cylinder; 
Figs. 21 and 22 are a flowchart explaining an igni- 

75 tion timing setting operation in the embodiment in 
Fig. 15; 

Figs. 23 and 24 are a flowchart explaining an igni- 
tion timing setting operation in the embodiment in 
Fig. 16; 

20 Figs. 25 and 26 are a flowchart explaining an igni- 
tion timing setting operation in the embodiments in 
Figs. 17 and 18; and 

Fig. 27 is a flowchart explaining an exhaust gas 
recirculation control in the embodiment in Figs. 17 
25 and 18. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

Hereinafter, embodiments of the present invention 
3c will be explained in detail with reference to the accom- 
panying drawings. In the following description, two 
types of embodiments of the present invention are 
explained. Namely, Figs. 1 through 14 illustrate embod- 
iments in which the concentration of NOx supplied to 
35 the conversion means is increased by mixing the 
exhaust gas from the rich air-fuel ratio cylinder and the 
exhaust gas from the lean air-fuel ratio cylinders, and 
Figs. 15 through 27 illustrate embodiments in which the 
concentration of NC^ in the exhaust gas supplied to the 
4c conversion means is increased by increasing the 
amount of NOy produced by the rich air-fuel ratio cylin- 
ders. 

Fig. 1 shows the general configuration of an 
embodiment of the present invention when it is applied 

45 to a vehicle engine. In Fig. 1 , reference numeral 1 des- 
ignates a multiple-cylinder type internal combustion 
engine for an automobile. In this embodiment, the 
engine 1 is a 4-cyiinder engine having No. 1 through No. 
4 cylinders. As explained later, in this embodiment, No. 

so 1 cylinder of the engine 1 is always operated at a rich 
air-fuel ratio (for example, an excess air ratio (>„) about 
0.87) and the No 2 cylinder is operated at a lean air-fuel 
ratio (for example, a = 1 .03). The other cylinders (No. 3 
and No. 4 cylinders) are operated at a air-fuel ratio 

55 higher than the No. 2 cylinder (for example, /. = 1.3 - 
1 4). 

In Fig. 1, the exhaust ports of the No. 1 and No. 2 
cylinder are connected to a common exhaust gas pas- 
sage 143 via an exhaust manifoid 132. Nameiy, the 
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exhaust gas from the No 1 cylinder (i.e., the rich air-fuel 
ratio cylinder) is mixed with the exhaust gas from the 
No 2 cylinder (i.e.. the lean air-fuel ratio cylinder) and 
forms an exhaust gas mixture having a rich air-fuel ratio 
in the exhaust gas passage 143. The exhaust gases 5 
from the lean air-fuel ratio cylinders (No. 3 and No. 4 cyl- 
inder) are directed to a common exhaust gas passage 
141 via an exhaust manifold 131. As shown in Fig. 1. a 
three-way catalyst 5 which acts as the conversion 
means is disposed on the passage 143. Further, the - 
exhaust gas passage 142 downstream of the three-way 
catalyst merges with the exhaust gas passage 141 from 
the lean air-fuel ratio cylinders No. 3 and No. 4 to form a 
mam exhaust gas passage 4. Further, on the mam 
exhaust gas passage 4, a denitrating catalyst 9, which 75 
acts as the NO x purrfication means, is disposed The 
denitrating catalyst 9 wiil be explained later in detail. 

In Fig. 1, reference numeral 21 designates an 
intake manifold which connects the intake ports of the 
respective cylinders No. 1 to No 4 to a common intake 
air passage 2. Numeral 71 to 74 designate fuel injection 
valves disposed on the intake manifold 21 near the 
respective intake ports of the cylinders. Numeral 61 to 
64 in Fig. i designate spark plugs disposed on the 
respective cylinders No. 1 to No. 4 which produce spark 25 
in the cylinders in accordance with the ignition signal 
sent from an electronic control circuit 30 of the engine. 

The electronic control circuit (ECU) 30 consists of. 
for example, a micro computer which comprises a RAM, 
a ROM, a CPU and input and output ports connected sc 
each other by a bi-directional bus. The control circuit 30 
performs control of the engine 1 such as a fuel injection 
control and an ignition timing control. 

In this embodiment, the exhaust gas mixture 
formed by adding the lean air-fuel ratio exhaust gas 35 
from the No. 2 cylinder (lean air-fuel ratio cylinder) to the 
rich air-fue! ratio exhaust gas from the No. 1 cylinder 
(rich air-fuel ratio cylinder) is supplied to the three-way 
catalyst 5 to, thereby convert NOy in the exhaust gas 
mixture to NH 3 . The NH 3 formed by the three-way cata- 4c 
lyst 5 is supplied to the denitrating catalyst 9 to reduce 
NO x in the exhaust gas from the No. 3 and No. 4 cylin- 
ders in the denitrating catalyst 9. 

Next, the three-way catalyst 9 and the denitrating 
catalyst 9 in this embodiment are explained. 45 

The three-way catalyst 5 uses, for example, a hon- 
eycomb type substrate made of cordiente, and a thin 
alumina layer which acts as a carrier for the catalyst is 
coated on the surface of the substrate On this carrier, 
precious metals such as platinum Pt, rhodium Rh, and so 
palladium Pd are carried. The three-way catalyst 5 con- 
verts HC, CO, NOx in the exhaust gas at a high effi- 
ciency when the air-fuel ratio of exhaust gas is the 
stoichiometric air-fuel ratio (i.e., excess air ratio X = 10). 
The conversion rates of HC and CO become higher 55 
than that of the stoichiometric air-fuel ratio when the air- 
fuel ratio becomes lean (>. > 1.0). Conversely, the con- 
version rate of NOx becomes higher than that of the sto- 
ichiometric air-fuel ratio when the air-fuel ratio becomes 
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rich (>. < 1 0) 

As stated before, most of the NO x in the exhaust 
gas from the engine 1 consists of NO. When k is smaller 
than 1 0 (i.e.. when the air-fuel ratio of the exhaust gas 
is rich), a part of this NO is converted by the three-way 
catalyst 5 by reducing reactions 

2CO + 2NO >N 2 + 2C0 2 . 

and 

2H 2 + 2NO - No + 2H 2 0 

However remaining part of NO is converted to NH 3 
by the reaction 

5 H 2 + 2 NO > 2 NH 3 + 2 H 2 0 

The conversion rate of NO to N 2 becomes higher as 
the amount of rhodium Rh contained in the three-way 
catalyst increases, and the conversion rate of NO to 
NH 3 becomes lower accordingly. As explained later, 
since this embodiment uses NH 3 to reduce NO x in the 
exhaust gas from the exhaust gas passage 141 at the 
denitrating catalyst 9, the three-way catalyst 5 is 
required to produce a sufficient amount of NH 3 to 
reduce all the NC^ in the exhaust gas. Therefore, the 
three-way catalyst 5 in this embodiment contains a rela- 
tively small amount of rhodium Rh and a relatively large 
amount of other precious metal such as palladium Pd as 
the catalytic components to increase the conversion 
rate of NO x to NH 3 

Fig. 2 shows the changes in the total conversion 
rate of NOx ('£■■ the ratio of the amount of NO x con- 
verted to N 2 and NH 3 to the amount of NOx flowing into 
the catalyst) and the production rate of NH 3 (i.e., the 
ratio of the amount of NO x converted to NH 3 to the 
amount of NO x flowing into the catalyst) of the three- 
way catalyst 5 in accordance with the change in the air- 
fuel ratio of the exhaust gas. As can be seen from Fig. 
2, the total conversion rate of NOy (the solid line in Fig. 
2) rapidly decreases as the air-fuel ratio of the exhaust 
gas becomes larger than the stoichiometric air-fuel ratio 
(a = 1.0). Therefore, when the exhaust gas flowing into 
the three-way catalyst 5 becomes lean (I > 1.0), the 
amount of NO x passes through the three-way catalyst 5 
without being converted to N 2 and NH 3 rapidly 
increases 

Conversely, when the air-fuel ratio becomes rich, 
the total conversion rate of NO x increases and becomes 
almost 100% when the excess air ratio /. of the exhaust 
gas is smaller than approximately 0.95 Therefore, 
when the excess air ratio of the exhaust gas is smaller 
than 0.95. all of the NO x in the exhaust gas flowing into 
the catalyst 5 is converted to N 2 and NH 3 , and the 
exhaust gas flowing out from the catalyst 5 does not 
contain NO x . 

The production rate of NH 3 (the broken line in Fig. 
2) is almost zero when the air-fuel ratio of the becomes 
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larger than the stoichiometric air-fue! ratio. However, m 
the region k < 1 0, the production rate of NH 3 increases 
as the excess air ratio /. decreases, and becomes sub- 
stantially constant in the region where k < 0.95. There- 
fore, when the excess air ratio of the exhaust gas is in 
the region >. < 0.95, all of the NO x is converted to N 2 and 
NH 3 and, further, the production rate of NH 3 becomes a 
maximum. 

Next, the denitrating catalyst 9 in this embodiment 
is explained. 

The denitrating catalyst m the embodiments of the 
present invention uses, for example, a honeycomb type 
substrate made of cordierite, and an alumina layer 
which act as a carrier for the catalyst is coated on the 
ceil surface of the honeycomb substrate. On this carrier, 
at least one substance selected from elements belong 
to the fourth period or the eighth group in the periodic 
table of elements, such as copper (Cu), chrome (Cr), 
vanadium (V), titanium (Ti), iron (Fe), nickel (Ni), cobalt 
(Co), platinum (Pt), palladium (Pd), rhodium (Rh) and 
iridium (Ir) are carried as a catalyst. 

The denitrating catalyst is capable of converting all 
the NH 3 in the exhaust gas flowing into the denitrating 
catalyst to N 2 provided that the exhaust gas is in an oxi- 
dizing atmosphere and the temperature of the catalyst 
is within a specific temperature range as determined by 
the substance being used as the catalyst. Namely, 
when the temperature of the denitrating catalyst 9 is in 
the specific temperature range and the exhaust gas 
flowing into the catalyst is oxidizing atmosphere, the 
denitrating reactions 

8NH 3 + 6I\I0 2 -> 12H 2 0 + 7N 2 

4NH 3 + 4NO + 0 2 -> 6H 2 0 + 4N 2 

occur in the denitrating catalyst, in addition to the oxidiz- 
ing reactions 

4NH 3 + 70 2 4N0 2 + 6H 2 0 

4NH 3 + 50 2 4NO + 6H 2 0 

Due to these denitrating reactions, the NOx compo- 
nents produced by the oxidizing reactions are immedi- 
ately converted to the N 2 component. As a result, of this 
sequential reactions, all of the NH 3 flowing into the den- 
itrating catalyst 9 is converted to N 2 . 

Further, if the exhaust gas contains NO x in addition 
to NH 3 , NOx 1S reduced by the above- explained deni- 
trating reactions to N 2 . In this case, if the amount of NH 3 
in the exhaust gas is larger than the amount required to 
reduce alt the NOx contained in the exhaust gas, sur- 
plus NH 3 is converted to N 2 by the above-explained 
sequential oxidizing and denitrating reactions and does 
not pass through the denitrating catalyst 9. Further, if 
HC and CO are contained in the exhaust gas in addition 
to NH 3 , HC and CO are oxidized by the denitrating cat- 
alyst 9 and do not pass through the denitrating catalyst 



provided that the excess air ratio of the exhaust gas is 
larger than 1 0. 

The specific temperature range explained above 
varies in accordance with the substance used as the 

5 catalyst. However, the specrfic temperature range of the 
denitrating catalyst is generally lower than the tempera- 
ture range where other catalysts such as the three-way 
catalyst is used. For example, the specific temperature 
range is approximately 100°C - 400°C when the sub- 

v- stance such as platinum (Pt), palladium (Pd), rhodium 
(Rh) are used as the catalyst. More specifically, when 
platinum (Pt) is used, a temperature range 100°C - 
300°C is more preferable, and a temperature range 
150°C to 250°C is most preferable. When palladium 

is (Pd) and rhodium (Rh) are used, a temperature range 
150°C - 400°C is more preferable, and a temperature 
range 1 50°C to 300°C is most preferable. Further, when 
substances such as copper (Cu), chrome (Cr) and iron 
(Fe) are used, the specrfic temperature range is approx- 

20 imately 1 50°C - 650°C, and a temperature range 1 50°C 
- 500°C is preferable. 

When the temperature of the denitrating catalyst is 
above the specific temperature range, the oxidizing 
reactions become dominant in the catalyst and the por- 

25 tions of NH 3 which is oxidized by the catalyst increases. 
Thus, the denitrating reactions hardly occur in the cata- 
lyst due to the shortage of NH 3 in the exhaust gas, and 
the NO x produced by the oxidizing reactions flows out 
from the denitrating catalyst without being reduced by 

30 the denitrating reactions. 

On the other hand, when the temperature of deni- 
trating catalyst is below the specific temperature range, 
the oxidizing reactions hardly occur due to the low tem- 
perature. This causes the NH 3 in the exhaust gas to 

35 pass through the denitrating catalyst without being oxi- 
dized due to the shortage of NOx produced by the oxi- 
dizing reactions. 

In the embodiment in Fig. 1 , since the exhaust gas 
of a. = 0.87 from the No. 1 cylinder and the exhaust gas 

40 of k = 1 -03 from the No. 2 cylinder are mixed, the excess 
air ratio of the exhaust gas mixture flowing into the 
three-way catalyst 5 from the exhaust gas passage 1 43 
becomes 0.95, i.e., the mean value of 0.87 and 1.03. 
Therefore, NOx contained in the exhaust gas mixture is 

45 all converted to N 2 and NH 3 and, in addition to that, the 
production rate of NH 3 becomes the maximum Thus, 
the exhaust gas flows into the exhaust gas passage 142 
downstream of the three-way catalyst 5 contains the 
maximum amount of NH 3 , but does not contain NO x . 

so In this embodiment, since the No. 3 and No. 4 cylin- 
ders are operated at a lean air-fuel ratio (k = 1.30 - 
1 .40), the exhaust gas flows through the exhaust gas 
passage 141 has an excess air ratio larger than 1 .0 and 
contains a relatively large amount of NO x . This lean 

55 exhaust gas from the passage 141 mixes with the rich 
exhaust gas from the passage 142 in the main exhaust 
gas passage 4. In this embodiment, the average excess 
air ratio of the rich air-fuel ratio cylinder (No. 1 cylinder) 
and the lean air-fuel ratio cylinders (No. 2 through No. 4 
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cylinders), i.e., the excess air ratio of the engine 1 as a 
whole, is larger than 10 (lean). Therefore, the exhaust 
gas flows into the denitrating catalyst 9 from the main 
exhaust gas passage 4 has an excess air ratio larger 
than 10 and contains both NOx and NH 3 . Further, the 5 
length of the exhaust gas passages 141 , 143 and 4 are 
determined in such a manner that the temperature of 
the exhaust gas flowing into the denitrating catalyst 9 is 
within the specrfic temperature of the denitrating cata- 
lyst 9 (alternatively, positive cooling means such as 1C 
cooling fins or a water cooling jacket may be provided 
on the wall of the exhaust gas passages to adjust the 
temperature of the exhaust gas). 

Therefore, in this embodiment, the exhaust gas of 
an oxidizing atmosphere and in the specific temperature :f 
range of the denitrating catalyst 9 containing both NO x 
and NH 3 flows into the denitrating catalyst 9, and NO x 
and NH 3 in the exhaust gas are simultaneously con- 
verted to N 2 and H 2 0. Further, HC and CO contained in 
the exhaust gas are oxidized on the denitrating catalyst •>■'■ 
9. Therefore, the exhaust gas downstream of the deni- 
trating catalyst 9 in this embodiment does not contain 
NO x and NH 3 as well as HC and CO. 

Next, the reason why the rich exhaust gas of k = 
0.87 (No. 1 cylinder) and the lean exhaust gas of k - 
1 .03 are mixed to form the rich exhaust gas mixture of k 
- 0.95 is explained with reference to Fig. 3. 

Fig. 3 is a graph showing a typical changes in the 
concentrations of HC and NO x in the exhaust gas from 
the cylinders of the engine in accordance with the 
change in the excess air ratio of the cylinders. As shown 
m Fig. 3, the concentration of NO x in the exhaust gas 
increases as the excess air ratio k becomes larger, and 
reaches its maximum value at an excess air ratio k 
around 1.1 and, in the region X > 1.1, the concentration 
of NO x decreases as the excess air ratio k increases. 
Further, the rate of increase in the concentration with 
respect to the excess air ratio k (i.e., the inclination of 
the curve in Fig. 3) is relatively small when the excess 
air ratio k is smaller than 0.85. The rate of increase 
becomes larger as the excess air ratio X becomes larger 
and, becomes very large at an excess air ratio around 
1 .0. Namely, as can be seen from Fig. 3, the curve rep- 
resenting the concentration of NOx bulges downward in 
the region k < 1.0. 

On the other hand, the concentration of HC in the 
exhaust gas decreases almost uniformly as the excess 
air ratio X becomes larger and, in the region X < 1.05, 
the curve representing the concentration of HC slightly 
bulges downward but is almost linear. In Fig. 3, A repre- 
sents the concentration of NO x in the exhaust gas when 
the cylinder is operated at an excess air ratio X 0.95 
(i.e., when the excess air ratio of the exhaust gas is 
0.95), and B and C represent the concentrations of NO x 
when the excess air ratio k of the exhaust gas is 1.03 
and 0.87, respectively. As in the embodiment in Fig. 1, 
when the exhaust gas of X = 1 .03 (the exhaust gas from 
No. 2 cylinder) and the exhaust gas of k = 0.87 (the 
exhaust gas from No. 1 cylinder) are mixed, the excess 
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air ratio k of the exhaust gas mixture becomes 0.95 
Further, the concentration of NOy in the exhaust gas 
mixture becomes a mean value A' of concentrations B 
and C, i.e., the concentration at the point A^ where the 
line connecting the point (the point on the curve 
where k = 1 03) and the point Ci (the point on the curve 
where k = 0.87) crosses the line k = 0.95. Note that the 
NO> concentration A' (i.e., the exhaust gas mixture of k 
= 0 95) is larger than the NOx concentration A (i.e., the 
NO x concentration in the exhaust gas from the cylinders 
when the cylinders are operated at k = 0.95) because 
the NO x concentration curve in Fig. 3 bulges downward 
in the range near k = 0.95. This means that when the 
No 1 cylinder and No. 2 cylinder are operated at k = 
0 87 and 1 03, respectively, and the exhaust gases from 
the No. 1 and No. 2 cylinders are mixed, the concentra- 
tion of NOx in tn © exhaust gas flowing into the three-way 
catalyst 5 becomes larger than the concentration of 
NO x m the exhaust gas flowing into the three-way cata- 
lyst 5 where both the No. 1 and No. 2 cylinders are oper- 
ated at k = 0.95, even though the excess air ratio of the 
exhaust gas flowing into the three-way catalyst 5 is the 
same in both cases. Therefore, in this embodiment, the 
exhaust gas from the rich air-fuel ratio cylinder (No. 1 
05 cylinder) and the exhaust gas from the lean air-fuel ratio 
cylinder (No. 2 cylinder) are mixed to increase the con- 
centration of NOx m the exhaust gas supplied to the 
three-way catalyst 5. By increasing the concentration of 
NO x supplied to the three-way catalyst 5, the amount of 
so NH 3 produced by the three-way catalyst 5 increases, 
and a sufficient amount of NH 3 is supplied to the deni- 
trating catalyst 9 on the main exhaust gas passage 4 
Therefore, according to this embodiment, NOx con- 
tained in the exhaust gas from No. 3 and No. 4 cylin- 
35 ders. as well as in the exhaust gas from No. 1 and No. 2 
cylinders is purified at a high efficiency. 

Although the ratio of numbers of the rich air-fuel 
ratio cylinder (k = 0 87) and the lean air-fuel ratio cylin- 
der {k = 1 .03) is set at 1 :1 to form the exhaust gas mix- 
40 ture of k = 0.95 in this embodiment, ratios of the 
cylinders may be other than 1:1 as long as the excess 
air ratio of the exhaust gas mixture becomes 0.95. For 
example, the exhaust gas from one cylinder operated at 
k = 0.84 and the exhaust gases from two cylinders oper- 
45 ated at k = 1 .005 may be mixed to form the exhaust gas 
mixture of k = 0.95. 

Further, as can be seen from Fig. 3, since the con- 
centration of HC in the exhaust gas changes almost lin- 
early with respect to the change in the excess air ratio of 
so the exhaust gas, the concentration of HC in the exhaust 
gas mixture (k = 0.95) is almost the same as that of the 
exhaust gas from the cylinder operated at X = 0.95. 

Next, consider the case where the No. 1 cylinder is 
operated at k = 0.89 and the No. 2 cylinder is operated 
55 at k = 1.03 In this case, the excess air ratio k of the 
exhaust gas mixture becomes 0.96 and, as can be seen 
from Fig. 2, this makes the production rate of NH 3 at 
three-way catalyst 5 slightly lower than that in the above 
embodiment (X = 0.95). However, in this case, since the 
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amount of NO x produced in the No. 1 cylinder becomes 
larger due to an increase in the excess air ratio (i.e., 
from 0 87 to 0 89). the concentration of NO> : in the 
exhaust gas mixture also increases. Therefore, the 
decrease in the production rate of NH 3 and the increase 
in the concentration of NO x m the exhaust gas cancel 
each other, and the amount of the NH 3 produced at the 
three-way catalyst 5 becomes substantially the same as 
that in the above embodiment. In addition to that, the 
concentration of HC in the exhaust gas mixture in this 
case becomes lower than the above embodiment due to 
decrease in the amount of HC produced at No. 1 cylin- 
der (refer to Fig. 3). Therefore, when the excess air 
ratios of the No. 1 and No. 2 cylinder are selected 
appropriately, the amount of HC in the exhaust gas mix- 
ture can be reduced while maintaining the amount of 
NH 3 produced at the three-way catalyst at the same 
level as that in the above embodiment. 

Next, another embodiment of the present invention 
will be explained. 

In the embodiment in Fig. 1. the No. 1 cylinder is 
always operated at a rich air-fuel ratio (k = 0.87) and the 
No. 2 cylinder is always operated at a lean air-fuel ratio 
(>. = 1 .03). However, if the cylinder is always operated at 
a rich air-fuel ratio, there is the possibility that cartoon 
deposit is formed in the cylinder. Therefore, in this 
embodiment, the No. 1 cylinder and the No. 2 cylinder 
are operated by turns in order to prevent the formation 
of the carbon deposit in the No. 1 cylinder. 

Fig. 4 shows a flowchart illustrating the switching 
control of the rich air-fuel ratio cylinder in this embodi- 
ment. This control is performed by a routine executed by 
the ECU 30 at predetermined intervals. In this control, 
the excess air ratios of the No. 1 and No. 2 cylinders are 
adjusted so that the air-fuel ratio is alternately switched 
between a rich air-fuel ratio (k = 0.87) and a lean air-fuel 
ratio (k = 1 .03) in order to prevent the formation of the 
deposit in the cylinders. 

In the flowchart of Fig. 4, FR1 (steps 401, 409 and 
419) is a flag representing the cylinder being operated 
at a rich air-fue! ratio and FR1 = 1 means that the No. 1 
cylinder is operated at a rich air-fuel ratio and FR1 ~ 1 
means that the No. 2 cylinder is operated at a lean air- 
fuel ratio. Ct is a counter representing the time lapsed 
since the value of the flag FRi was last switched at 
steps 411 and 421. 

TAU1 and TAU2 represent the fuel infection amount 
of No. 1 and No. 2 cylinders. For example, when FPi = 
1 at step 401 (i.e., when the No. 1 cylinder is to be oper- 
ated at a rich air-fuel ratio), TAU1 for No. 1 cylinder and 
TAU2 for No 2 cylinder are calculated at step 403 as 

TAU1 - TAUP//. R 

TAU2 = TAUP/>^ 0 

where, TAUP is a basic fuel injection amount required to 
make the air-fuel ratio stoichiometric and calculated in 
accordance with the operating conditions of the engine. 
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In this embodiment, for example. TAUP is calculated m 
accordance with the amount of intake air per one revo- 
lution of the engine Q/NE by TAUP = K . Q/NE {K is a 
constant). Further, >_ q is an excess air ratio of the cylm- 

5 der when the cylinder is operated at a rich air-fuel ratio 
(i.e., >. R = 0.87 in this embodiment), and k LQ is an 
excess air ratio of the cylinder when the cylinder is oper- 
ated at a lean air-fuel ratio (i.e., >. L0 = 1.03 in this 
embodiment). Therefore, at step 403, the operating 

to excess air ratio of the No. 1 and No. 2 cylinders are set 
at 0.87 and 1 .03, respectively. 

Conversely, when FR1 * 1 at step 401, TAU1 and 
TAU2 are calculated at step 413 as 

is TAU1 = TAUP/A L0 

TAU2 = TAUP//. q 

and the No. 1 cylinder is operated at a lean air-fuel ratio 

20 (k = 1 .03) and the No. 2 cylinder is operated at a rich air- 
fuel ratio (k - 0.87). 

Further, in this embodiment, the value of the flag 
FRI is switched between 0 and 1 every time the value 
of the counter Ct reaches a predetermined constant 

25 value Ct 0 (steps 407, 409 and 417, 419) and, at the 
same time, the value of the counter Ct is set to 0 (steps 
411 and 421). 

Therefore, the No. 1 and No. 2 cylinders are oper- 
ated at a rich air-fuel ratio and a lean air-fuel ratio alter- 

30 nately at predetermined intervals and the formation of 
the deposit on one cylinder can be prevented. The value 
Ctj (step 407 and 41 7) is set at a value corresponding 
to a time about 20 seconds, i.e., the operating air-fuel 
ratios of the No. 1 and No. 2 cylinders are switched 

35 every 20 seconds. 

Next, another embodiment of the present invention 

is explained. 

Fig. 5 is a drawing illustrating a general configura- 
tion of the present embodiment. In Fig. 5, reference 

40 numerals the same as those in Fig. 1 designate the 
same elements. Fig. 5 is different from Fig. 4 in that a 
NOx absorbent 7 is disposed on the exhaust gas pas- 
sage 141 . 

The NO x absorbent 7 in this embodiment uses, for 
45 example, an alumina as a carrier and, on this carrier, 
precious metals such as platinum (Pt) and at least one 
substance selected from alkali metals such as potas- 
sium (K), sodium (Na), lithium (Li) and cesium (Cs); 
alkaii-earth metals such as barium (Ba) and calcium 
so (Ca), and rare-earth metals such as lanthanum (La) and 
yttrium (Y) carried. The NO x absorbent 7 absorbs NO x 
in the exhaust gas when the air-fuel ratio of the exhaust 
gas is lean, and releases the absorbed NC^ when the 
excess air ratio k of the exhaust gas flowing the NO x 
55 absorbent is larger than 1.0 (i.e., the air-fuel ratio is 
lean) 

Though the mechanism of this absorbing and 
releasing operation of the NOx absorbent is not dear at 
present, it is thought that the absorbing and releasing 
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operation is conducted by the following mechanism. 
Though the following mechanism of the absorbing and 
releasing operation of the NO x absorbent is explained 
for the case where platinum Pt and barium Ba are car- 
ried on the carrier, as an example, ft is thought that a 5 
similar mechanism also applies even if other precious 
metal, alkali metals, alkali earth rnetais, or rare earth 
metals are used. 

Namely, when the concentration of O 0 in the 
exhaust gas increases, i.e., when the excess air ratio >. *: 
of the exhaust gas becomes larger than 1 0, the oxygen 
0 2 m the exhaust gas is deposited on the surface of 
platinum Pt in the form of 0 2 or O 2 ". The NO in the 
exhaust gas reacts with 0 2 " or O 2 " on the surface of the 
platinum Pt and becomes NO, by the reaction -f 

2NO + 0 2 2NOo. 

Then, N0 2 in the exhaust gas and the N0 2 produced on 
the platinum Pt are further oxidized on the surface of 22 
platinum Pt and absorbed into the NO x absorbent while 
bonding with the barium oxide BaO and diffusing in the 
absorbent in the form of nitric acid ions N0 3 ". Thus. 
NO x in the exhaust gas is absorbed by the NOx absorb- 
ent 7 when the excess air ratio k of the exhaust gas is 25 
larger than 1.0. 

On the other hand, when the oxygen concentration 
in the exhaust gas becomes low, i.e.. when the excess 
air ratio k of the exhaust gas becomes k < i .0. the pro- 
duction of N0 2 on the surface of the platinum Pt is low- 50 
ered and the reaction proceeds in an inverse direction 

(NCV -» N0 2 ), 

and thus nitric acid ions N0 3 " in the absorbent are ss 
released in the form of N0 2 from the NOx absorbent 7. 

In this case, if a reducing substance such as NH 3 
and CO, or a substance such as HC and C0 2 exist in 
the exhaust gas, released NO x is reduced on the plati- 
num Pt by these components. Namely, the NOy absorb- 40 
ent 7 performs the absorbing and releasing operation of 
the N0 X in which the NO x in the exhaust gas is 
absorbed by the NOx absorbent when the excess air 
ratio of the exhaust gas k is k > 1 .0 (lean) and, released 
from the NOy absorbent and reduced to N 2 when 45 
excess air ratio k of the exhaust gas becomes k < 1 .0 

In this embodiment, similarly to the embodiment in 
Fig. i , the No. 1 cylinder is operated at k = 0 87 and the 
No. 2 cylinder is operated at k = 1.03 to increase the 
NO x concentration in the exhaust gas mixture supplied 5c 
to three-way catalyst 5. The No. 3 and No. 4 cylinders 
are operated at a lean air-fuel ratio of k = 1.30 - 1.40 
also in this embodiment. However, since the NO x 
absorbent 7 is disposed on the exhaust gas passage 
141 in this embodiment, a large part of NO x contained ss 
in the lean air-fuel ratio exhaust gas from the cylinders 
No. 3 and No. 4 is absorbed by the NO x absorbent 7. 
Therefore, the exhaust gas flowing through the NO x 
absorbent 7 contains only a small amount of NO v which 
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is not removed by the NO x absorbent 7. Thus, the 
amount of NO x flowing into the denitrating catalyst 9 
becomes small compared to that in the embodiment in 
Fig 1, and the amount of NH 3 required to reduce NO x 
at a denitrating catalyst 9 can be largely reduced. 

In this embodiment, it ts necessary to cause the 
NO x absorbent 7 to release the absorbed NOx by feed- 
ing a rich air-fuel ratio exhaust gas to the NOx absorb- 
ent 7 before it is saturated with the absorbed NOx ln 
this embodiment, although the No. 3 and No. 4 cylinders 
are usually operated at a lean air-fuel ratio, they are 
operated at a rich air-fuel ratio for a short time when the 
amount of NO x absorbed in the NOx absorbent 7 
increases. By switching the air-fuel ratio of the No 3 and 
No. 4 cylinders to a rich air-fuel ratio, a rich air-fuel ratio 
exhaust gas is supplied to the NO x absorbent 7 and the 
absorbed NOx is released from the NOx absorbent 7 
and reduced. This short rich air-fuel ratio operation of 
the cylinders No. 3 and No. 4 is hereinafter referred to 
as a "nch spike operation". 

Fig. 6 is a flowchart illustrating the air-fuel ratio 
switching control of the cylinders in this embodiment. 
This control is performed by a routine executed by the 
ECU 30 at a predetermined rotation angle of the crank- 
shaft of the engine (for example, every 30° rotation of 
the crankshaft). 

In Fig. 6, at step 601 , crank angle CA of the engine 
1 is read in. The crank angle CA is calculated by 
another routine (not shown) performed by the ECU 30 in 
accordance with a crank angle pulse signal produced by 
a crank angle sensor (not shown) disposed at the crank- 
shaft of the engine 1 . At step 603, then, it is determined 
whether the crank angle CA read in at step 601 corre- 
sponds to fuel injection timing of any one of cylinders of 
the engine. If the crank angle CA does not correspond 
to fuel injection timing of any of the cylinders, the routine 
immediately terminates, i.e., steps 605 through 621 are 
performed only at fuel injection timings. 

At step 605, the cylinder which is now at fuel injec- 
tion timing is identified and, at step 607, it is determined 
whether the identified cylinder is No. 1 cylinder. If it is 
the No. 1 cylinder, the routine performs step 609 to cal- 
culate the fuel injection amount by TAU = TAUP/a r . 
TAUP is a basic fuel injection amount explained m the 
embodiment in Fig. 4, and k R is a target excess air ratio 
of the No. 1 cylinder {in this embodiment, k R = 0.87). 
After calculating the fuel injection amount TAU. the 
amount of fuel corresponding to TAU is injected into the 
cylinder identrfied at step 605 (in this case, the No. 1 cyl- 
inder). The excess air ratio of the No. 1 cylinder is con- 
trolled at k = 0.87 by this fuel injection. 

If the identified cylinder is not the No. 1 cylinder at 
step 607, it is determined whether the identified cylinder 
is the No. 2 cylinder, and, if it is the No. 2 cylinder, the 
fuel injection amount TAU is calculated by 
TAU = TAUP/;. L0 . > wL0 is a target excess air ratio of the 
No 2 cylinder (>, L0 = 1.03 in this embodiment). Then, at 
step 613, the calculated amount of fuel TAU is injected 
into the identified cylinder at step 605 (i.e.. the No. 2 cyl- 
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inder in this case). Therefore, the excess air ratio a of 
the No. 2 cylinder is controlled at '/. = l .03 by the fuel 
injection. 

If the identified cylinder is not the No 2 cylinder at 
step 61 1 , i.e., if the No. 3 or No. 4 cylinder is at the fuel 
injection timing, the routine performs step 615 to deter- 
mine whether the rich spike is being performed, in this 
embodiment, the rich spike operation of the No. 3 and 
No. 4 cylinders is performed for a short time (for exam- 
ple, several seconds) when a cumulative operation time 
of the engine since the rich spike operation was last per- 
formed reaches a predetermined value. The cumulative 
operation time after the rich spike operation was last 
performed is measured by a separate routine (not 
shown) performed by ECU 30. Instead of the cumulative 
operation time, a cumulative number of revolution of the 
engine or a cumulative amount of intake air since the 
rich spike operation was last performed may be used 

If the rich spike operation is being performed at step 
615, the routine performs step 617 to calculate the fuel 
injection amount by TAU = TAUP/>, RR . a rr is a target 
excess air ratio of the No. 3 and No. 4 cylinders during 
the rich spike operation and is set at a value less than 
1 .0. If the rich spike operation is not being performed at 
step 615, then the routine performs step 619 to calcu- 
late the fue! injection amount by TAU = TAUP/a l . ?. L is 
a target excess air ratio of the No. 3 and No. 4 cylinders 
when the rich spike operation is not being performed, 
and is set at a l - 1 .30 - 1 .40. 

By the control in Fig. 6, the rich spike operation of 
No. 3 and No. 4 cylinders is performed when the amount 
of NOy absorbed in the NO x absorbent 7 increases and, 
thereby, the absorbed NOx ,s released from the NO x 
absorbent 7 and reduced to N 2 . Further, after the rich 
spike operation is completed, the No. 3 and No. 4 cylin- 
ders are operated at a lean air-fuel ratio (X - >, L ), and 
a large part of the NOx produced by the No. 3 and No. 4 
cylinders are absorbed by the NO x absorbent 7. In this 
case, a small amount of NOx passing through the NO x 
absorbent 7 is reduced by NH 3 at the denitrating cata- 
lyst 9 as explained before. 

In the embodiment in Fig. 5, an additional three- 
way catalyst may be disposed on the exhaust gas pas- 
sage 141 upstream of the NC^ absorbent 7 in order to 
reduce the amount of NO x absorbed by the NO x 
absorbent 7 by reducing a part of NO x in the exhaust 
gas during the lean air-fuel ratio operation of the No. 3 
and No. 4 cylinders. In this case, NH 3 is produced by the 
additional three-way catalyst upstream of the NO x 
absorbent 7. As explained before, since NH 3 is a reduc- 
ing substance which causes the NOy absorbent to 
release absorbed NO x and reduce it to N 2 , the releasing 
of NO x from the NOy absorbent 7 during the rich spike 
operation is promoted by disposing the additional three- 
way catalyst on the exhaust gas passage upstream of 
the NO x absorbent 7. Also, since a relatively large 
amount of NO x is released from NOy absorbent 7 in a 
short time when the rich spike operation is performed, a 
part of NO x flows out from the NO x absorbent 7 without 
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being reduced This NO x is also reduced by NH 3 m the 
exnaust gas mixture at the denitrating catalyst 9. How- 
ever, since a relatively large amount of NO x flows into 
the denitrating catalyst 9 during the rich spike operation, 

5 a NH 3 adsorbing substance may be attached to the sub- 
strate of the denitrating catalyst 9, as explained later in 
order to prevent the shortage of NH 3 from occurring. 

Next, another embodiment of the present invention 
is explained with reference to Fig. 7. 

:c In Fig. 7, reference numerals the same as those in 

Fig. 1 designate the same elements. The embodiment 
of Fig. 7 is different from the embodiment in Fig. 1 in that 
the embodiment in Fig. 1 is capable of directing the 
exhaust gas from the No. 2 cylinder to either of the 

75 exhaust gas passages 143 and 141 selectively. Namely, 
as shown in Fig. 7, the exhaust port of the No. 1 cylinder 
is connected to the exhaust gas passage 143, and the 
exhaust port of the No. 2 cylinder is connected to an 
exhaust gas passage 171 which is separate from the 

20 exhaust gas passage 143. The exhaust gas passage 

171 diverges into two exhaust gas passages 172 and 
1 73. The branch exhaust gas passage 1 72 is connected 
to the exhaust gas passage 141 from the No. 3 and No. 
4 cylinders, and the branch exhaust gas passage 1 73 is 

25 connected to the exhaust gas passage 143 upstream of 
the three-way catalyst 5. Further, a switching valve 175 
is disposed on the exhaust gas passage 171 at the 
diverging point of branch exhaust gas passages 172 
and 173. The switching valve 175 is provided with an 

30 appropriate type actuator 1 75a such as a solenoid actu- 
ator or a vacuum actuator and is capable of directing the 
flow of the exhaust gas to either of exhaust gas pas- 
sages 172 and 173 selectively. When the switching 
valve 1 75 takes a position in which the exhaust gas from 

35 the No. 2 cylinder is directed to the exhaust gas pas- 
sage 1 73, the amount of exhaust gas, i.e., the amount of 
NOy supplied to the three-way catalyst 5 increases. 
Therefore, in this embodiment, the amount of NH 3 can 
be changed in accordance with the engine operating 

40 condition by switching the valve 1 75. Further, an three- 
way catalyst 51 is disposed on the exhaust gas passage 

172 downstream of the point where the exhaust gas 
passage 172 merges. This three-way catalyst 51 is 
used for removing HC and CO emitted from the cylin- 

45 ders No. 4 and No. 2 when the engine starts. 

In this embodiment, the position of the switching 
valve 175 is determined in accordance with the engine 
operating load. When the engine is operated at a high 
load and a high speed, since the amount of NO x pro- 

so duced by the engine increases, a relatively large 
amount of NH 3 is required at the denitrating catalyst 9 to 
reduce NO x in the exhaust gas. Conversely, when the 
engine is oDerated at a low load and a low speed, the 
amount of NOy produced by the engine 1 decreases 

55 and, accordingly, the amount of NH 3 required at the 
denitrating catalyst 9 becomes small. Therefore, the 
amount of NH 3 supplied to denitrating catalyst 9, i.e., 
the amount of NH 3 produced by the three-way catalyst 
5 is controlled in accordance with the engine operating 
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condition Dy switching the position of the switching valve 
175. 

Fig 8 shows a map illustrating load ranges of the 
engine 1 used for controlling the switching operation of 
the valve 175. In Fig. 8, the vertical axis represents the 
engine load (such as the amount of intake air per one 
revolution of the engine, Q/NE), and the horizontal axis 
represents the engine speed NE. As shown in Fig. 8. 
the load region of the engine 1 in this embodiment is 
divided into 3 ranges The load range 1 is a range where 
the engine 1 is operated at a relativefy low load and a 
low speed, and the amount of NO x produced by the 
engine is relatively small in this range. The load range 2 
is a range where the engine is operated at a higher load 
and higher speed than range 1 . and the amount of NO x 
produced by the engine becomes larger than that of the 
range 1 The load range 3 in Fig 8 is a range where the 
engine is operated at a high load and a high speed. In 
this range, all of the cylinders of the engine 1 is oper- 
ated at a stoichiometric air-fuel ratio (A = 1 0) in order to 
increase the output of the engine in this embodiment 

Fig. 9 is a flowchart illustrating the air-fuel ratio 
switching control of the cylinders in which the position of 
the switching valve 1 75 in Fig. 7 is controlled. This con- 
trol is performed by a routine executed by the ECU at 
predetermined intervals. 

In Fig. 9, at step 901 , the engine speed NE and the 
amount of intake air per one revolution of the engine 
Q/NE is calculated. At step 903, it is determined 
whether the engine is operated in the load range 1 in 
Fig. 8 based on the calculated NE and Q/NE. If the 
engine is operated in the load range 1, the routine per- 
forms step 905 to switch the switching valve 1 75 to No. 
3 and No. 4 cylinders side, i.e., to the position where the 
exhaust gas from the No. 2 cylinder is directed to the 
exhaust gas passage 172 in Fig. 7. Then the routine 
performs step 907 to set the fuel injection amount TAU1 
of the No. 1 cylinder at TAUP/0.95 and the fuel injection 
amounts TAU2, TAU3. and TAU4 of the No. 2, No. 3 and 
No. 4 cylinders, respectively are all set at TAUP/A L . 
iherefore, when the engine is operated in the load 
range 1 , the No. 1 cylinder is operated at A = 0.95 (rich) 
and only the exhaust gas from the No. 1 cylinder is sup- 
plied to the three-way catalyst 5. Thus, the amount of 
NH 3 produced by the three-way catalyst 5 becomes 
small. Further, the No. 2. No. 3 and No 4 cylinders are 
all operated at \ = a l (x l = 1 .30 - 1 40) and the fuel 
consumption of the engine 1 is reduced. 

If engine is not operated m the load range 1 in Fig. 
8, the routine proceeds to step 905 to determine 
whether the engine is operated in the load range 2 in 
Fig. 8. If the engine is operated in the load range 2, the 
position of the switching valve 1 75 is set to the No. 1 cyl- 
inder side, i.e., to the position where the exhaust gas 
from the No 2 cylinder is directed to the three-way cat- 
alyst 5. Further, at step 913, the fuel injection amounts 
TAU1 and TAU2 for the No. 1 and the No. 2 cylinders are 
set at TAUP/A R and TAUP/a l0 , and the fuel injection 
amount TAU3 and TAU4 for the No. 3 and the No. 4 cyl- 



inders are both set at TAUP/>. L . Therefore the exhaust 
gas from the No. 1 cylinder (a = 0.87) and the exhaust 
gas from the No. 2 cylinder (a = 1 03) are mixed with 
each other in the exhaust gas passage 143, and the 
exhaust gas mixture of I = 0 95 is supplied to the three- 
way catalyst 5. Therefore, the amount of NH 3 produced 
by the three-way catalyst 5 increases. 

When the engine is not operated in the load range 
2 at step 909, i.e.. when the engine is operated in the 
ic- load range 3, the fuel injection amount TAU1 - TAU4 are 
all set at TAUP. Therefore, in this case, all the cylinders 
of the engine are operated at the stoichiometric air-fuel 
ratio (A = 10), and the engine output is increased. Fur^ 
ther, since the exhaust gas of the stoichiometric air-fuel 
J5 ratio flows into the three-way catalysts 5 and 51, HC, 
CO. and NO x in the exhaust gas are removed from the 
exhaust gas by the three-way catalysts 5 and 51 . 

As explained above, according to the present 
embodiment, the amount of NO x flowing into the deni- 
tratmg catalyst 9 is estimated in accordance with the 
operating condition of the engine, and the amount of the 
exhaust gas from the lean air-fuel ratio cylinder (the No. 
2 cylinder) m the exhaust gas mixture supplied to the 
three-way catalyst 5 is adjusted in accordance with the 
25 estimated amount of NO*. Therefore, according to the 
present embodiment, NOx in the exhaust gas is 
removed at a high efficiency and, at the same time, the 
fuel consumption of the engine is reduced. 

Next, another embodiment of the present invention 
so is explained with reference to Fig. 10. The embodiment 
in Fig. 10 is different from the embodiment in Fig. 7 in 
that the three-way catalyst 5 disposed on the lean air- 
fuel ratio exhaust gas passage 141 in Fig. 7 is replaced 
by the NOx absorbent 7. NOx in the exhaust gas flowing 
35 through the lean air-fuel ratio exhaust gas passage 141 
is absorbed and temporarily stored by the NOx absorb- 
ent 7 also in this embodiment. When the amount of the 
NOx absorbed in the NO x absorbent 7 increases, the 
No. 3 and No. 4 cylinders are operated at a rich air-fuel 
4Q ratio (a = a p,p ), and the No. 1 and No. 2 cylinders are 
operated at air-fuel ratios in such a manner that the 
excess air ratio A of the exhaust gas mixture becomes 
0.95. Therefore, the NOx released from the NOx 
absorbent 7 is reduced at the demtratmg catalyst 9 by 
45 the NH 3 produced by the three-way catalyst 5. 

Further, in this embodiment, an NH 3 adsorbing sub- 
stance is attached to the substrate of the denitrating cat- 
alyst 9 to make the denitrating catalyst 9 adsorption and 
releasing of NH 3 . It is known in the art that an acidic 
so inorganic substance (which includes Broensted acids 
such as zeolite, silica (Si0 2 ), silica-alumina (SiQ 2 - 
Al 2 0 3 ), and titania fTr0 2 ) as well as Lewis acids includ- 
ing oxides of transition metals such as copper (Cu), 
cobalt (CO), nickel (Ni) and iron (Fe)) adsorb NH 3 , and 
55 especially when the temperature is low, the substances 
adsorbs a large amount of NH 3 . In this embodiment, 
one or more of these acidic inorganic substances is car- 
ried on the substrate of the denitrating catalyst 9, or the 
substrate itself may be formed by a porous material 
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maae of such acidic inorganic substances 

When the rich spike operation is performed, a rela- 
tively large amount of NOy is released at the beginning 
of the rich spike operation, and sometimes, a part of 
released NO x passes through the NO x absorbent with- 
out being reduced. To prevent this NO x outflow, the den- 
itratmg catalyst 9 disposed on the exhaust gas passage 
4 downstream of the NOx absorbent 7 in this embodi- 
ment is given a NH 3 adsorbing and releasing capability 
by the NH 3 adsorbing substance. Namely, when the 
excess air ratio of the exhaust gas flowing into the den- 
ttrating catalyst 9 is low, the NH 3 not oxidized by the 
denitratmg cataiyst 9 is adsorbed stored in the denitrat- 
mg catalyst 9. The NH 3 stored in the denitrating catalyst 
9 is released when the concentration of NH 3 in the 
exhaust gas flowing into the denitrating catalyst 9 
becomes low. Therefore, in this embodiment, the sur- 
plus NH 3 produced by the three-way catalyst 5 during 
the normal operation and not used for reducing NOx in 
the exhaust gas at the denitrating catalyst 9 is adsorbed 
by the denitrating catalyst 9. Further, the amount of NH 3 
produced by the three-way catalyst 5 is controlled in 
such a manner that the denitrating catalyst 9 is nearly 
saturated with the adsorbed NOx Therefore, when the 
NO x IS released from the NOx absorbent 7 without 
being reduced at the beginning of the rich spike, the 
NO x flowing into the denitrating catalyst 9 is completely 
reduced by the NH 3 adsorbed and stored in the denitrat- 
ing catalyst 9. 

Figs. 1 1 and 1 2 show a flowchart explaining the air- 
fuel ratio switching control of the cylinders in this 
embodiment in which the amount of NH 3 adsorbed by 
the denitrating catalyst 9 is controlled by adjusting the 
air-fuel ratio of the cylinders. This control is performed 
by a routine executed by the ECU 30 at predetermined 
intervals. 

In Fig. 11, at step 1100, it is determined whether 
the rich spike is being carried out at present, and if the 
rich spike is being performed, the routine performs step 
11 02 to carry out the rich spike control, and terminates 
after that. In this embodiment, the rich spike operation is 
carried out for short period when the operation time of 
the engine after the rich spike operation was last per- 
formed reaches a predetermined value as explained in 
Fig. 6. In the rich spike control of step 1 102, the switch- 
ing valve 175 is switched to the position where the 
exhaust gas from the No. 2 cylinder is directed to the 
exhaust gas passage 173, and the No. 1 and No. 2 cyl- 
inders are operated at excess air ratios of x. = 0.87 and 
>. = 1.03. respectively. Therefore, the exhaust gas mix- 
ture of X = 0.95 and containing a relatively large amount 
of NOx f 'ows into the three-way cataiyst 5. No. 3 and No. 
4 cylinders are operated at a rich air-fuel ratio 
(/. = RR ) during the rich spike operation, and the 
absorbed NOy is released from the NOx absorbent 7. 

If the rich spike operation is not being performed at 
step 1100, the load range where the engine is being 
operated is determined at steps 1 101 , 1 103 and 1 125 in 
the manner same as those of steps 901 , 913 and 909 in 
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Fig 9. After determining the load range where the 
engine is being operated, the amount of NO x adsorbed 
m the denitrating catalyst 9 is controlled as explained 
below. 

5 When the engine is operated in the load range 1 at 

step 1103, i.e., when the amount of NOx flowing into the 
denitrating catalyst 9 is relatively small, the amount 
INH 3 of the NH 3 stored (adsorbed) in the denitrating cat- 
alyst 9 is determined at steps 1 105 and 1109. Namely, 

■ c it is determined whether INH 3 < 0 at step 1105, and 
when INH 3 < 0, i.e., when no NH 3 is stored in the deni- 
trating cataiyst 9, the amount of NH 3 produced by the 
three-way catalyst 5 is increased by supplying the 
exhaust gas from the No. 2 cylinder to the three-way 

75 catalyst 5 at step 1 1 27 and after. 

If INH 3 > 0 at step 1105. the switching valve 175 is 
switched to the position where the exhaust gas from the 
No. 2 cylinder is directed to the exhaust gas passage 
172 at step 11 07 to stop the supply of the exhaust gas 

20 from the No. 2 cylinder to the three-way catalyst 5. 
Then, it is determined at step 1109 whether INH 3 
reaches the maximum storage amount IFUL (the satu- 
rating amount) of NH 3 in the denitrating catalyst at step 
1 109. If the amount INH 3 of the NH 3 adsorbed by the 

25 denitrating cataiyst 9 has reached the maximum 
amount IFUL at step 1 1 09, since the denitrating catalyst 
9 cannot adsorb NH 3 further, the fuel injection amount 
TAU1 for the No. 1 cylinder is set at TAUPA. L at step 
1115. By doing so, the lean air-fuel ratio exhaust gas 

30 flows into the three-way catalyst 5 and, thereby, the pro- 
duction of NO x by the three-way catalyst 5 stops. The 
calculation of INH 3 is explained later. After performing 
step 1115, the amount ANH 3 of the NH 3 produced by 
the three-way catalyst 5 is set at 0 and ANOx of the NOx 

35 produced by the No. 1 cylinder is calculated at step 
1117. In this embodiment, the amount ANO x of NH 3 
produced in the No. 1 cylinder is actually measured 
beforehand by operating the actual engine under vari- 
ous engine loads, speeds and air-fuel ratios of No. 1 cyl- 

40 inder, and the measured values of ANO x are stored in 
the ROM of the ECU 30 in the form of a numerical table 
using the engine load, speed and air-fuel ratio of the No. 
1 cylinder as parameters. At step 1117, the amount 
ANOx is determined from this numerical table in accord- 

45 ance with the engine load read at step 1 1 00 and the air- 
fuei ratio of the No. 1 cylinder. Then, at step 1119, the 
fuel injection amounts TAU2 - TAU4 of the No. 2 to No. 4 
cylinders are all set at TAUP/>. L , and the amount BNO x 
of the NOx ,n the exhaust gas flowing into the denitrat- 

50 ing catalyst 9 is calculated at step 1 121 . The values of 
BNOx are measured by operating the actual engine and 
are stored in the ROM of ECU 30 in the form of a numer- 
ical table similar to that for ANOx- 

At step 1123. the amount INH 3 of NH 3 stored in the 

sb denitrating catalyst 9 is calculated from ANH 3 , ANOy 
and BNOx by the formula 

INH 3 = INH 2 + ANH 3 - K * (ANO x + BNO x ) 
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In the above formula, K - (ANO x + BNOv) repre- 
sents the amount of NH 2 required for reducing the NO x 
flowing into the denitrating catalyst 9 at present (K is a 
constant). Namely, the amount INH 3 of NH 3 stored in 
the denitrating catalyst 9 at present is calcufated by 
cumulating the amount of the surplus NH 3 which is not 
used for reducing the NO x at denitrating catalyst 9. 

When INH 3 < IFUL at step 1109, i.e.. when the 
amount of NH 3 stored in the denitrating catalyst 9 does 
not reach the maximum amount, the fuel injection 
amount TAU1 is set at TAUP/0.95 at step 1111 and the 
No. 1 cylinder is operated at k = 0.95. Then the amount 
ANH 3 of the NH 3 produced by the three-way catalyst 5 
is calculated from the numerical table stored in the ROM 
of ECU 30 at step 11 13 and the amount ANO x of the 
NO x produced in the No. 1 cylinder is set at 0. Then the 
amount INH 3 of NH 3 stored in the denitrating catalyst 9 
is calculated at steps 11 19 through 1123. 

The reason why the value of ANH 3 is set at 0 at step 
n 1 7 is that NH 3 is not produced by the three-way cata- 
lyst 5 when all the cylinders are operated at a lean air- 
fuel ratio, and the reason why the value of ANOx is set 
at 0 at step 1 1 13 is that all the NOy produced in the No. 
1 cylinder is converted to N 2 and NH 3 when the No. 1 
cylinder is operated at k = 0.95 and the NOy produced 
in the No. 1 cylinder does not reach the denitrating cat- 
alyst 9. 

If it is determined that the engine is operated in the 
load range 2 at step 1 125, since the amount of NOx in 
the exhaust gas flowing into the denitrating catalyst 9 is 
relatively large, the switching valve 175 is switched to 
the position where the exhaust gas from the No. 2 cylin- 
der is directed to the exhaust gas passage 1 73, and the 
exhaust gas from the No. 2 cylinder is supplied to the 
three-way catalyst 5. Then, at step 1129, it is deter- 
mined whether INH 3 has reached IFUL, and if INH 3 has 
reached IFUL, all the cylinders are operated at a°iean 
air-fuel ratio (a = >. L ) at steps 1131 and 1139 (Fig. 12) 
to, thereby, stop the production of NH 3 by the three-way 
catalyst 5. 

When INH 3 < IFUL at step 1 129, the excess air ratio 
of the No. 1 and No. 2 cylinders are set at a r and a l0 at 
step 1135, respectively, and the excess air ratio of the 
No. 3 and No. 4 cylinders are both set at k L at step 
11 39. Therefore, the exhaust gas gases from the No. 1 
and No. 2 cylinders form a exhaust gas mixture of a = 
0.95 and containing a relatively large amount of NOy, 
and the amount of NH 3 produced by the three-way cat- 
alyst 5 increases. In this case, INH 3 is calculated by 
steps 1133, 1137, 1141 and 1143 in accordance with 
whether INH 3 is smaller than IFUL 

If it is determined that the engine is operated in the 
load range 3 at step 1 125, all the cylinders are operated 
at the stoichiometric air-fuel ratio (Fig. 12, step 1 145). 

According to the present embodiment, since the 
denitrating catalyst 9 is provided with the capability for 
storing NH 3 and always stores the amount of NH 3 near 
the maximum amount, all the NOy flowing into the den- 
itrating catalyst 9 is reduced by the NH 3 stored in the 
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denitrating catalyst 9 even if a large amount of NO x is 
released from the NOy absorbent 7 at the beginning of 
the rich spike operation. 

Next, another embodiment of the present invention 
is explained with reference to Fig. 13. In Fig 13. refer- 
ence numerals the same as those in the previous 
embodiments designate the same elements. 

In this embodiment, all the cylinders are connected 
to a common exhaust gas passage 4 via a common 
■o exhaust manifold 133, and the three-way catalyst 5, 
NOy absorbent 7 and denitrating catalyst 9 are dis- 
posed on the exhaust gas passage 4 in this order from 
the upstream end Further, in the normal operation of 
the engine, all the cylinders are operated at a lean air- 
'5 fuel ratio ( a = a L and a l = 1 30 - 1 .40) in this embodi- 
ment. In the normal operation, the NO x produced by the 
cylinders passes through the three-way catalyst 5 and 
absorbed by the NOy absorbent 7. Similarly to the pre- 
vious embodiments, the rich spike operation is per- 
20 formed in this embodiment when the amount of NO x in 
the NO x absorbent 7 increases by. for example, operat- 
ing the No. 2 and No. 3 cylinders at a rich air-fuel ratio of 
a = 0.87 and the No. 1 and No. 4 cylinders at a lean air- 
fuel ratio of a = 1 .03. Therefore, the exhaust gases from 
25 the No 2 and No. 3 cylinders and the No. 1 and No. 4 
cylinders are mixed to form the exhaust gas mixture of a 
= 0.95. Since this exhaust gas mixture of a rich air-fuel 
ratio {a = 0.95) flows into the three-way cataiyst 5, NH 3 
is produced at the three-way catalyst 5. Since NH 3 has 
30 a large reducing capability, when the NH 3 produced at 
the three-way catalyst 5 flows into the NO x absorbent 7 
downstream of the three-way catalyst 5. the absorbed 
NOx *s released from the NO x absorbent 7 and reduced 
to N 2 in a short time. Further, the NH 3 adsorbing sub- 
35 stance is attached to the substrate of the denitrating cat- 
alyst 9 downstream of the NOy absorbent 7 also in this 
embodiment. Therefore, even if the amount of NH 3 pro- 
duced by the three-way catalyst 5 during the rich spike 
is larger than the amount required to reduce the NOy 
40 released from the NO x absorbent 7, the surplus NH 3 is 
adsorbed by and stored in the denitrating catalyst 9 and, 
thereby, the surplus NO x is not released into the atmos- 
phere. Further, if a small amount of NO x passes 
through the NOy absorbent during the normal (the lean 
45 air-fuel ratio) operation of the engine, NO x is reduced by 
the denitrating catalyst 9 using the NH 3 stored therein. 
Therefore, according to the present embodiment, NOy 
in the exhaust gas from a lean burn engine is purified at 
a high efficiency. 
so Fig. 14 shows a flowchart explaining the air-fuel 

ratio switching control of the present embodiment. This 
control is performed by a routine executed by ECU 30 at 
predetermined intervals. 

in Fig. 14, at step 1501, it is determined whether 
55 the rich spike operation is being performed at present. 
Similarly to the embodiment in Fig. 6 the rich spike oper- 
ation is performed when the operation time of the 
engine since the rich spike operation was last per- 
formed reaches a predetermined value. 
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if the rich spike operation is not being performed at 
step 1501, the routine performs step 1503 to set the air- 
fuel ratio of all the cylinders at k = k l = 1 .30 - 1 .40). 
When all the cylinders are operated at /. = >. L , the NO x 
produced in the cylinders is absorbed by the NO x 
absorbent 7, and a small amount of NOx which passes 
through the NOy absorbent 7 is reduced by the denitrat- 
mg catalyst 9 using the NH 3 adsorbed therein. 

If the rich spike operation is being performed at step 
1501, the No. 2 and No. 3 cylinders are operated at a 
rich air-fuel ratio of k = k R (a. r = 0 87), and the No. 1 
and No. 4 cylinders are operated at a lean air-fuel ratio 
of k = k L0 (k l0 = 1.03) at step 1505. Therefore, a rich 
exhaust gas mixture of k = 0.95 flows into the three-way 
catalyst 5. and a large amount of NH 3 is produced at the 
three-way catalyst 5. Therefore, the exhaust gas con- 
taining a large amount of NH 3 flows into the NO x 
absorbent downstream of the three-way catalyst 5, and 
the NOx absorbed in the NO x absorbent 7 is released 
and reduced by NH 3 , HC and CO in the exhaust gas. 

The reason why the No. 2 and No. 3 cylinders are 
operated at a rich air-fuel ratio and the No. 1 and No. 4 
cylinders are operated at a lean air-fuel ratio during the 
rich spike operation in this embodiment is to ignite the 
rich air-fuel ratio cylinder and the lean air-fuel ratio cyl- 
inder alternately. Namely, since the firing order of the 
cylinders in this embodiment is 1 -3 - 4 - 2, by setting the 
air-fuel ratio of the cylinders as stated above, the 
exhaust gas from the rich air-fuel ratio cylinder (the No. 
2 and No. 3 cylinders) and the exhaust gas from the 
lean air-fuel ratio cylinder (the No. 1 and No. 4 cylinders) 
flows into the common exhaust gas passage 4 alter- 
nately and, thereby, a uniform exhaust gas mixture is 
formed before flowing into the three-way catalyst 5. If 
the firing order of the cylinders is different, the rich air- 
fuel ratio cylinders and the lean air-fuel ratio cylinders 
during the rich spike operation is preferably determined 
in accordance with the firing order of the cylinders. 

In the embodiments explained in Figs. 1 through 
14, an exhaust gas mixture having a rich air-fuel ratio is 
formed by mixing the exhaust gas from the rich air-fuel 
ratio cylinder and the exhaust gas from the lean air-fuel 
ratio cylinder. This exhaust gas mixture containing a 
larger amount of NOy than the exhaust gas from the cyl- 
inders operated at the air-fuel ratio the same as that of 
the exhaust gas mixture. Therefore, a larger amount of 
NH 3 can be produced by the three-way catalyst by feed- 
ing this exhaust gas mixture. Thus, according to the 
embodiments explained above, a sufficient amount of 
NH 3 for reducing NOx in tne exhaust gas is supplied 
and, thereby, NOx in tne exhaust gas can be purrfied at 
a high efficiency. 

Next, embodiments of the present invention which 
are different from the embodiments in Figs. 1 through 
14 are explained with reference to Figs. 15 through 27. 

In the embodiments in Figs. 1 through 14, the con- 
centration of NOx in tne exhaust gas mixture supplied to 
the conversion means {three-way catalyst) is increased 
by mixing the exhaust gases from the rich air-fuel ratio 



cylinders and the lean air-fuel ratio cylinders However, 
the embodiments in Figs. 15 through 27 are different 
from the embodiments in Figs. 1 through 14 in that the 
concentration of NOx in the exhaust gas supplied to the 
conversion means is increased by increasing the 
amount of NOx produced by the rich air-fuel ratio cylin- 
ders. 

Figs. 15 through 18 illustrate the general configura- 
tions of the embodiments having various means for 
increasing the amount of NOx produced in the rich cyl- 
inders. 

Figs. 15 and 16 illustrate the embodiments when 
the present invention is applied to lean burn engines in 
which specific cylinders are always operated at a rich 
air-fuel ratio and other cylinders of the engine are 
always operated at a lean air-fuel ratio, i.e., lean burn 
engines in which the rich air-fuel ratio cylinders are 
fixed. This type of the engine wall be hereinafter 
referred to as "the fixed rich air-fuel ratio cylinder 
engines". Further, Figs. 17 and 18 show the embodi- 
ments when the present invention is applied to lean 
burn engines in which the cylinders operated at a rich 
air-fuei ratio are changed sequentially, i.e., lean burn 
engines in which the cylinders operated at a rich air-fuel 
ratio are not fixed. This type of the engines, therefore, 
will be hereinafter referred to as "the variable rich air- 
fuel ratio cylinder engines". 

In Figs. 15 through 18, reference numerals the 
same as those in Figs. 1 , 5, 7, 10 and 13 represent the 
same elements. 

First, Fig. 15 is explained. In Fig. 15, the engine 1 is 
a fixed rich air-fuel ratio cylinder engine in which the No. 
1 cylinder is always operated at a rich air-fuel ratio (for 
example, k = 0.95) and other cylinders (the No. 2 to No. 
4 cylinders) are always operated at a lean air-fuel ratio 
(for example, k - 1 .30 - 1.40). In Fig. 15, the exhaust 
ports of the No. 2 to No. 4 cylinders are connected to a 
lean air-fuel ratio exhaust gas passage 141 via an 
exhaust manifold 131 and the exhaust port of the No. 1 
cylinder is connected to a rich air-fuel ratio exhaust gas 
passage 142 A three-way catalyst 5 which acts as the 
conversion means is disposed on the rich air-fuel ratio 
exhaust gas passage 142. The rich air-fuel ratio exhaust 
gas passage 1 42 and the lean air-fuel ratio exhaust gas 
passage 141 merge to a main exhaust gas passage 4 
on which a denitrating catalyst 9 is disposed. 

In Fig. 15, numeral 21 designates an intake mani- 
fold connecting the intake ports of the No. 1 through No. 
4 cylinders to a common intake air passage 2. On the 
intake air manifold 2, fuel injection valve 71 through 74 
are disposed near the intake ports of the respective cyl- 
inders to inject fuel in accordance with fuel injection sig- 
nal from the ECU 30. Further, numeral 8 in Fig. 15 
designates an exhaust gas recirculating (EGR) device. 
In this embodiment, the EGR device comprises an EGR 
passage 81 connected to the main exhaust gas pas- 
sage 4 downstream of the denitrating catalyst 9 at one 
end thereof. The branch passages of the intake mani- 
fold 21 connected to the intake ports of the No 2 to No. 
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4 cylinders are connected to the EGR passage 81 via 
solenoid valves 812 to 814. In this embodiment, the 
solenoid valves 812 to 814 opens in accordance with 
the signal from the ECU 30 and feed the exhaust gas 
from the main exhaust gas passage 4 to the intake ports 5 
of the respective cylinders during the intake stroke of 
the cylinders. 

In this embodiment, the rich air-fuel ratio exhaust 
gas from the No 1 cylinder flows into the three-way cat- 
alyst 5, and a part of NO x in the exhaust gas is con- \ 
verted to NH 3 by the three-way catalyst 5 while the 
remaining NO x is reduced to N 2 . Thus, the exhaust gas 
flowing into the mam exhaust gas passage 4 from the 
r ich air -fuel ratio exhaust gas passage 142 contains 
NH 3 . This rtch air-fuel ratio exhaust gas from the pas- *f 
sage 142 mixes with the lean air-fuel ratio exhaust gas 
from the passage 141 which contains a relatively large 
amount of NO x produced by the cylinders No 1 through 
No 3. In this embodiment, the air-fuel ratios of No l cyl- 
inder and the No. 2 to No. 4 cylinders are selected so 20 
that the air-fuel ratio of the exhaust gas mixture formed 
m the main exhaust gas passage 4 becomes lean (/ > 
10). 

Therefore, the exhaust gas mixture having a excess 
air ratio k larger than 1.0 and containing both NH 3 and 25 
NO x flows into the denitrating catalyst 9 Further, the 
length of the exhaust gas passages 141 , 142 and 4 are 
selected so that the temperature of the exhaust gas 
mixture flowing into the denitrating catalyst 9 is in the 
specific temperature range of denitrating catalyst 9 as sc 
explained in Fig. 1 Therefore, NH 3 and NOx as well as 
HC and CO in the exhaust gas mixture are purified by 
the denitrating catalyst 9. However, usually the amount 
of NOy in the exhaust gas from the rich air-fuel ratio cyl- 
inder is relatively small, and the amount of NO x pro- 35 
duced by the three-way catalyst 5 becomes small 
accordingly. Therefore, in order to produce a sufficient 
amount of NH 3 for reducing all the NOy in the exhaust 
gas, means are provided for increasing the concentra- 
tion of NOy in the rich air-fuel ratio exhaust gas from the 40 
No. 1 cylinder. The means for increasing the concentra- 
tion of NOx are explained later. 

Fig. 16 shows another embodiment when the 
present invention is applied to the fixed rich air-fuel ratio 
cylinder engine similar to the engine in Fig. 15. In Fig. 45 
16, reference numerals the same as those in Fig. 15 
designate the same elements. Further, means are also 
provided m this embodiment for increasing the concen- 
tration of NO x in the rich air-fuel ratio exhaust gas from 
the No. 1 cylinder. The embodiment in Fig. 16 is differ- so 
ent from that in Fig. 15 in that the NO x absorbent 7 is 
disposed on the lean air-fuel ratio exhaust gas passage 
141 , and the exhaust gas from the lean air-fuel ratio cyl- 
inders No. 2 to No. 3 flows into the mam exhaust gas 
passage 4 after passing through the NO x absorbent 7. =5 
In this embodiment, a large part of the NO x in the 
exhaust gas from the lean air-fuel ratio cylinders No. 2 
to No. 4 is absorbed by the NO x absorbent 7, and a 
remaining small amount of NO x which is not absorbed 
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by the NO x absorbent 7 flows into the mam exhaust gas 
passage 4 and the denitrating catalyst 9 Therefore, the 
amount of NH 3 required for reducing the NO x by the 
denitrating catalyst 9 becomes smaller compared to that 
in the embodiment of Fig 15 

In this embodiment, when the NO x absorbed in the 
NO x absorbent 7 increases, the rich spike operation in 
which ten No. 2 to No. 4 cylinders are operated at a rich 
atr-fue! ratio for a short time is performed in order to pre- 
vent the NO x absorbent 7 from being saturated with the 
absorbed NO x . 

Contrary to Figs. 15 and 16, Fig 17 shows an 
embodiment in which the present invention is applied to 
the variable rich air-fuel ratio cylinder engine In this 
embodiment, all the cylinders No. 1 through No. 4 are 
connected to a mam exhaust gas passage 4 via a com- 
mon intake manifold 133. and the three-way catalyst 5 
and the denitrating catalyst 9 are disposed on the mam 
exhaust gas passage 4. Further, in addition to the sole- 
noid valves 812 to 814, a solenoid valve 81 1 which con- 
nects the EGR passage 81 to the intake port of the No. 
1 cylinder is provided. 

In this embodiment, some of the cylinders of the 
engine 1 are operated at a rich air-fuel ratio for a prede- 
termined period, and the cylinders to be operated at the 
rich air-fuel ratio are not fixed but are switched sequen- 
tially in such a manner that all the cylinders experience 
the rich air-fuel ratio operation equally during the opera- 
tion. Fig. 19 is a timing diagram showing an example of 
the rich air-fuel ratio operation of the respective cylin- 
ders in the case where two cylinders are operated at the 
rich air-fuel ratio at the same time, in Fig. 19, the 
hatched areas represent the periods where the respec- 
tive cylinders are operated at a rich air-fuel ratio. As can 
be seen from Fig. 19, the No. 1 and No. 2 cylinders are 
operated at a rich air-fuel ratio and the No. 3 and No. 4 
cylinders are operated at a lean air-fuel ratio, for exam- 
ple, during the period from the time t 1 to t 2 , simultane- 
ously. Further, in the subsequent period from the time t 2 
to t 3 , all the cylinders No. 1 through No. 4 are operated 
at a rich air-fuel ratio. Then, in the further subsequent 
period from the time t 3 to t 4 , the No. 2 and No 3 cylin- 
ders are operated at a rich air-fuel ratio and the No. 1 
and No. 4 cylinders are operated at a lean air-fuel ratio. 
Similarly, all the cylinders are operated at a lean air-fuel 
ratio in the period from t 4 to t 5 , and the No. 3 and No. 4 
cylinders are operated at a rich air-fuel ratio and the No. 
1 and No. 2 cylinders are operated at a lean air-fuel ratio 
during the period from t 5 to t 5 . Namely, in this embodi- 
ment, the period in which all the cylinders are operated 
at a lean air-fuel ratio (for example, the period t 9 to t 3 , 
and t 4 to t 5 ) and the period in which two cylinders are 
operated at a rich air-fuel ratio and other two cylinders 
are operated at a lean air-fuel ratio (for example, the 
period ti to t 2 , t 3 to U> and t 5 to tg) are repeated alter- 
nately Further, the combinations of the cylinders oper- 
ated at a rich air-fuel ratio is changed in each rich air- 
fuel ratio operation period. In the rich air-fuel ratio oper- 
ation period, the air-fuel ratios of the rich air-fuel ratio 
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cylinders and tne lean air-fuel ratio cylinders are 
selected in such a manner that the air-fuel ratio of the 
mixture of the exhaust gases from all the cylinders 
becomes rich (/. < 1.0). Therefore, in this embodiment, 
the excess air ratio of the exhaust gas mixture flowing 
into the exhaust gas passage 4 alternately changes 
between k < 1 .0 and k> 1.0. 

When the excess air ratio of the exhaust gas mix- 
ture flowing into the three-way catalyst 5 is rich (>. < 1 .0), 
a part of NOx in the exhaust gas is converted to NH 3l 
and the remaining part of NOx in tne exhaust gas is 
reduced to N 2 . When the excess air ratio of the exhaust 
gas mixture flowing into the three-way catalyst 5 is lean 
k > 1.0), NOx in tne exhaust gas passes through the 
three-way catalyst 5 without being reduced. Therefore, 
the rich air-fuel ratio exhaust gas containing NH 3 and 
the lean air-fuel ratio exhaust gas containing NOx f| ows 
into the denitrating catalyst 9 alternately in this embodi- 
ment. 

A NH 3 adsorbing substance as explained in Fig. 10 
is attached to the substrate of the denitrattng catalyst 9 
also in this embodiment. Therefore, when the rich air- 
fuel ratio exhaust gas containing NH 3 flows into the den- 
itrating catalyst 9, NH 3 in the exhaust gas is adsorbed 
by and stored temporarily in the denitrating catalyst 9, 
and when the lean air-fue! ratio exhaust gas containing 
NIO x flows into the denitrating catalyst 9, NOx is 
reduced at the denitrating catalyst 9 by the NH 3 stored 
in the denitrating catalyst 9. 

In this embodiment, a sufficient amount of NH 3 for 
reducing the NOx discharged from cylinders during the 
lean air-fuel ratio operation period must be stored in the 
denitrating catalyst 9 during the rich air-fuel ratio opera- 
tion period. Therefore, also the means for increasing 
NO x in the exhaust gas from the rich air-fuel ratio cylin- 
ders are provided in order to increase the amount of 
NO x produced by the three-way catalyst 5. 

This means for increasing NOx in tne exhaust gas 
from the rich air-fuel ratio cylinders will be explained 
iater. 

Fig. 18 shows another embodiment where the 
present invention is applied to the variable rich air-fue! 
ratio cylinder engine. The embodiment in Fig. 18 is only 
different from the embodiment in Fig. 19 in that the NO x 
absorbent 7 is disposed on the exhaust gas passage 4 
between the three-way catalyst 5 and the denitrating 
catalyst 9. In this embodiment, during the lean air-fuel 
ratio operation period, a large part of NO x in the exhaust 
gas passes through the three-way catalyst 5 without 
being reduced. This NO* flows into the NOx absorbent 
7 downstream of the three-way catalyst 5 and absorbed 
in the NOx absorbent 7. In this case, a small amount of 
NO x passes through the NO x absorbent 7 without being 
absorbed and flows into the denitrating catalyst 9 where 
the NOx is reduced by the NH 3 stored in the denitrating 
catalyst 9. Conversely, during the rich air-fuel ratio oper- 
ation period, the rich air-fuel ratio exhaust gas contain- 
ing NH 3 flows into the NOx absorbent 7. Therefore, the 
apsorbed NO x is reieased from the NO x absorbent 7 
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and reduced by NH 3 as well as HC and CO in the 
exhaust gas at the NOx absorbent 7. In this case, the 
surplus NH 3 which is not used for reducing the NO x 
released from the NOx absorbent 7 flows into the deni- 
5 trating catalyst 9 and adsorbed and stored therein. 

in this embodiment, the amount of NH 3 produced 
by three-way catalyst 5 during the rich air-fuel ratio 
operation period must be sufficient for reducing alt the 
NOx produced by the cylinders during the lean air-fuel 
ratio operation period. Therefore, to increase the 
amount of NH 3 produced by the three-way catalyst 5. 
means are provided for increasing the concentration of 
NOx in tne exhaust gas from the rich air-fuel ratio cylin- 
ders. 

i5 As explained in Fig. 2, the production rate of NH 3 in 
the three-way catalyst 5 becomes the maximum when 
the excess air ratio X of the exhaust gas is lower than or 
equals to 0.95. Therefore, in the embodiments in Figs. 
15 through 18, the operating excess air ratio of the 

20 respective cylinders are controlled in such a manner 
that the excess air ratio of the exhaust gas flowing into 
the three-way catalyst becomes 0.95. Namely, in the 
embodiments in Figs. 15 and 16, the No. 1 cylinder is 
operated at excess air ratio X = 0.95, and in the embod- 

25 iments in Figs. 17 and 18, the excess air ratios of the 
rich air-fuel ratio cylinders and the lean air-fuel ratio cyl- 
inders are selected so that the excess air ratio of the 
mixtures of the exhaust gases from these cylinders 
becomes 0.95. Further, when the production rate of the 

30 NH 3 at the three-way catalyst 5 is the same, the amount 
of NH 3 produced by the three-way catalyst 5 increases 
as the concentration of NO x in the exhaust gas. There- 
fore, in this embodiment, means are provided to 
increase the concentration of NO x in the exhaust gas 

35 from the cylinders by increasing the amount of NOx pro- 
duced by the cylinders. 

Next, the means for increasing the NO x in the 
exhaust gas from the cylinders which is used in the 
embodiments in Figs. 15 through 18 is explained. 

40 When assuming that the operating excess air ratio 
X is constant (for example, /. = 0.95), the amount of NOx 
produced by the combustion in the cylinder can be 
increased by the following means: 

45 (1 ) Advancing the ignition timing of the cylinder, 

(2) Increasing the compression ratio of the cylinder. 

(3) Decreasing the amount of EGR gas supplied to 
the cylinder. 

(4) Feeding the cylinder a substance which pro- 
50 duces NOx when burns. 

Hereinafter, these means are explained one by one. 

(1 ) Advancing the ignition timing of the cylinder. 

When the ignition timing is advanced, the maximum 
temperature of the combustion in the cylinder becomes 
higher, and the amount of NOx produced by the com- 
bustion in the cylinder increases. Fig. 20 is a graph illus- 
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trating the changes tn the amount of NO x produced by 
the combustion in the cylinder and the output torque of 
the engine in accordance with the changes in the igni- 
tion timing and compression ratio of the cylinder As can 
be seen from Fig. 20, in the region where the ignition 5 
timing is relatively late (delayed), the output increases 
as the ignition timing is advanced, and reaches the 
maximum torque region where the output torque 
becomes constant regardless of the change in the igni- 
tion timing When the ignition timing is advanced 
beyond the maximum torque region, the output torque 
decreases as the ignition timing is advanced. The 
center of the maximum torque region in Fig. 20 where 
the output torque curve is substantially flat ts usually 
referred to as a MBT (Minimum Advance for Best 
Torque) and, since the output torque of the engine 
becomes the maximum at the MBT when other condi- 
tions are the same, the ignition timing of the engine is 
usually set at near the MBT. It is known that the MBT is 
delayed as the air-fuel ratio of the cylinder becomes 2 c 
lean. 

On the other hand, the amount of NO x produced by 
the cylinder almost uniformly increases as the ignition 
timing advances. Therefore, the amount of NO x pro- 
duced by the cylinder can be increased by advancing 25 
the ignition timing of the cylinder beyond the MBT. 

(2) Increasing the compression ratio of the cylinder. 

When the compression ratio of the cylinder is 3c 
increased, since the maximum combustion temperature 
and pressure increases, the amount of NOx produced 
by the combustion increases. The broken line in Fig. 20 
indicates the output torque and the amount of NO x pro- 
duced in the case where the compression ratio of the 35 
cylinder is larger than that of the case designated by the 
solid line in Fig. 20. As can be seen from Fig. 20, both 
the output torque at MBT and the amount of produced 
NO x increase as the compression ratio of the cylinder 
becomes larger. Therefore, for example, in the fixed rich 4c 
air-fuel ratio cylinder engines as shown in Figs 15 and 
1 6, the amount of NOy produced by the rich air-fuel ratio 
cylinders can be increased by setting the compression 
ratio of the rich air-fuel ratio cylinders at a higher value 
than other cylinders of the engine. Further, in the varia- 45 
ble rich air-fuel ratio cylinder engines as shown in Figs. 
17 and 18, a variable compression mechanism (desig- 
nated by numerals 911 to 914 in Figs. 17 and 18) may 
be provided to the respective cylinders. Each of the var- 
iable compression mechanisms 91 1 to 914 comprises, so 
for example, a sub-cylinder communicating to the 
engine cylinder and a plunger disposed in the cylinder. 
The compression ratio of the rich air-fuel ratio cylinders 
can be changed by adjusting the inner volume of the 
sub-cylinders of the rich air-fuel ratio cylinders by 55 
adjusting the position of the plunger. 

As shown in Fig. 20. the optimum ignition timing 
(MBT) delays as the compression ratio of the cylinder 
becomes larger. Therefore, when the compression 
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ratios of the rich air-fuel ratio cylinders are increased, 
the ignition timing of the rich air-fuel ratio cylinders 
becomes earlier (advanced) than the MBT even if the 
ignition timing of the rich air-fuel ratio cylinders are set 
at the same as the ignition timing of other cylinders due 
to delay of the MBT in the rich air-fuel ratio cylinders 
This means that when only the compression ratios of 
the rich air-fuel ratio cylinders are increased, both the 
effect of the increased compression ratio and of the 
advancing of the ignition timing can be obtained. 

However, when the compression ratios of the cylin- 
ders are increased, the engine knock occurs due to 
preignition in the cylinders. The engine knock can be 
prevented by keeping the wall temperature of the com- 
bustion chamber of the rich air-fuel ratio cylinders at a 
low value by increasing the cooling capacity of the cool- 
ing system of the rich air-fuel ratio cylinders By increas- 
ing the cooling capacity of the rich air-fuel ratio 
cylinders, the amount of NO x produced by the rich air- 
fuel ratio cylinders can be largely increased by largely 
increasing the compression ratio of the rich air-fue! ratio 
cylinders. 

In order to increase the cooling capacity of the rich 
air-fuel ratio cylinders, a radiator may be disposed at the 
position where the hot air from the radiator does not hit 
the rich air-fuel ratio cylinders. Further, the cooling 
water passage of the cylinder may be arranged in such 
a manner that the low temperature cooling water flowing 
out from the radiator first passes the rich air-fuel ratio 
cylinders. 

(3) Decreasing the amount of EGR gas supplied to the 
cylinder. 

When the exhaust gas recirculation (EGR) is car- 
ried out, the maximum temperature of the combustion in 
the cylinders becomes low because the inert gas 
(exhaust gas) which does not contribute to the combus- 
tion is introduced into the cylinder by the EGR. There- 
fore, the EGR is usually used for reducing the NOx 
produced by the engine. This means that the NO x pro- 
duced by the rich air-fuei ratio cylinders can be 
increased by reducing the amount of the EGR gas (or 
stop the supply of the EGR gas) supplied to the rich air- 
fuel ratio cylinders. For example, in the fixed rich air-fuel 
ratio cylinder engines in Figs. 15 and 16, the intake port 
of the rich air-fuel ratio cylinder No. 1 is not connected 
to the EGR passage 81 while other cylinders are con- 
nected to the EGR passage 81 by the solenoid valve 
812 to 814. Therefore, since the EGR gas is not sup- 
plied to the rich air-fuel ratio cylinder, the amount of NO x 
produced by the rich air-fuel ratio cylinder increases. 
Regarding the means for reducing (or stopping) the 
supply of the EGR gas to the rich air-fuel ratio cylinders 
m the variable rich air-fuel ratio engines as shown in 
Figs. 17 and 18 will be explained later 
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(4) Feeding the cylinder a substance which produces 
NO x when burns. 

It is known that the aromatic hydrocarbons such as 
benzene, toluene, xylene and styrene produce a rela- s 
tively large amount of NO x when burned. Therefore, the 
amount of NO x produced in the rich air-fuel ratio cylin- 
ders can be increased by adding such a substance to 
the fuel injected to the rich air-fuel ratio cylinders. In the 
fixed rich air-fuel ratio cylinder engines as showing in 
Figs. 15 and 16, the rich air-fuel ratio cylinders are pro- 
vided with a separate fuel system, and the NOx increas- 
ing substance can be added to the fuel system 
connected to the rich air-fuel ratio cylinders. In the vari- 
able rich air-fuel ratio cylinder engines, each of the cyl- is 
inders of the engine is provided with two fuel injection 
vaives, and the fuel added with the substance is injected 
from one fuel injection valve when the cylinder is oper- 
ated at a rich air-fuel ratio and the normal fuel is injected 
from the other fuel injection valve when the cylinder is 20 
operated at a lean air-fuel ratio. 

In the present invention, the amount of NOx pro- 
duced by the rich air-fuel ratio cylinders is increased 
using one or more of the above -explained methods (1) 
to (4). 25 

Hereinafter, the means for increasing the NO x pro- 
duction in Figs. 15 through 18 when the above 
explained methods (1) and (3). i.e., the ignition timing 
advance and the reduction of EGR gas are applied are 
explained. 

Figs. 21 and 22 show a flowchart illustrating the 
control for setting the ignition timing and the fuel injec- 
tion amount of the embodiment in Fig, 1 5. This control is 
performed by a routine executed by the ECU 30 at pre- 
determined rotation angles of the crankshaft of the 25 
engine (for example, at every 30° rotation angle). 

In Fig. 21 , at step 801 through 805, the determina- 
tion whether any one of the cylinders is at the fuel injec- 
tion timing {step 803), and if there is a cylinder at the 
fuel injection timing, the cylinder is identified (step 805) *c 
based on the crank angle CA. The steps 801 through 
805 are the same steps as steps 501 through 505 in Fig. 
6. If no cylinder is at the fuel injection timing at step 803, 
the routine proceeds to step 815 in Fig. 22 to set the 
ignition timing of the cylinder. 45 

After the cylinder at the fuel injection timing is iden- 
trf ied at step 805, it is determined whether the identrfied 
cylinder is the cylinder which should be operated at a 
rich air-fuel ratio (i.e., in this case, whether it is the No. 
1 cylinder) at step 807. If the rich air-fuei ratio cylinder so 
(the No. 1 cylinder) is at the fuel injection timing at step 
807, the fuel injection amount TAU of the cylinder is cal- 
culated by TAU = TAUP/>. R at step 809. TAUP is the 
basic fuel injection amount as explained in Fig. 6 and >„ R 
is the target excess air ratio of the rich air-fuel ratio cyl- 55 
inder which is set at ?. R = 0 95 in this embodiment. 

if the cylinder at the fuel injection timing is not the 
rich air-fuel ratio cylinder at step 807, i.e., when one of 
the lean air-fuel ratio cylinders No. 2 to No. 4 is at the 



fuel injection timing, the fuel injection amount TAU is cal- 
culated by TAU = TAUP/>. L at step 81 1 . /. L is the target 
excess air ratio of the lean air-fuel ratio cylinders and set 
at the value larger than 1 .0 in this embodiment. After 
calculating the fuel injection amount TAU at steps 809 or 
811, the amount TAU of fuel is injected into the cylinder 
now at the fuel injection timing. Therefore, the fuel injec- 
tion amounts of the rich air-fuel ratio cylinder and the 
lean air-fuel ratio cylinders are controlled at their target 
air-fuel ratio. 

Then the routine performs steps 815 through 829 to 
set the ignition timing of the cylinders. Namely, at step 
815, the routine determines whether it is the timing 
where the ignition timing AOP of any one of the cylin- 
ders should be set, and if it is not the timing, the routine 
immediately terminates. If it is the timing for setting AOP 
of any one of the cylinders, the routine identify which 
cylinder is at the timing for setting AOP at step 81 7, and 
determines whether the cylinder identified at step 81 7 is 
the rich air-fuel ratio cylinder at step 819. 

If the cylinder is the rich air-fuel ratio cylinder, the 
routine calculates the optimum ignition timing (the MBT) 
of the rich air-fuel ratio cylinder ACAL R at step 821 
based on the air-fuel ratio /„ R and the engine load condi- 
tion Q/NE using a numerical table stored in the ROM of 
the ECU 30, Further, at step 823 the actual ignition tim- 
ing AOP of the rich air-fuel ratio cylinder is set at the 
value earlier than the optimum ignition timing ACAL R by 
a predetermined value a. Namely, the ignition timing 
AOP of the rich air-fuel ratio cylinder is advanced with 
respect to the MBT. On the other hand, if the identified 
cylinder is the lean air-fuel ratio cylinder at step 819, the 
routine performs steps 825 and 827 to set the ignition 
timing of the cylinder AOP at the optimum ignition timing 
ACAI_l of the lean air-fuel ratio cylinders. After calculat- 
ing the ignition timing AOP at steps 821, 823 or 825 : 
827, the timing AOP is set at the ignition circuit to actu- 
ate the spark plug of the respective cylinders at the tim- 
ing corresponding to AOP. By the routine explained 
above, since the ignition timing of the rich air-fuel ratio 
cylinder is advanced with respect to the MBT, the 
amount of NOx produced by the rich air-fuel ratio cylin- 
der increases. 

Figs. 23 and 24 show a flowchart illustrating the 
control for setting the ignition timing and the fuel injec- 
tion amount of the embodiment in Fig. 1 6. This control is 
performed by a routine executed by the ECU 30 at pre- 
determined angles of rotation of the crankshaft of the 
engine (for example, at every 30° rotation angle). 

In the embodiment in Fig. 16, though the fixed rich 
air-fuel ratio cylinder engine is used, the rich spike oper- 
ation of the lean air-fuel ratio cylinders must be per- 
formed in order to cause the NO x absorbent 7 disposed 
on the exhaust gas passage 141 to release the 
absorbed NO x . During the rich spike operation, the lean 
air-fuel ratio cylinders are operated at a rich air-fuel ratio 
and the ignition timing thereof is largely advanced with 
respect to the MBT. When the air-fuel ratio of the cylin- 
ders are switched from a lean air-fuei ratio to a rich air- 
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fuel ratio, the output torque of the cylinders increases 
Therefore, when the rich spike operation is performed, 
the engine output torque increases suddenly. In this 
embodiment, the sudden increase of the output torque 
during the rich spike operation is prevented from occur- 5 
ring by advancing the ignition timing of the lean air-fuel 
ratio cylinders largely As can be seen from Fig. 20, 
when the ignition timing is advanced largely with 
respect to the MET, the output torque of the cylinder 
falls rapidly Therefore, even through the air-fuel ratio of : - 
the lean air-fuel ratio cylinders are switched to a rich air- 
fuel ratio, a sudden increase in the output torque of the 
engine does not occur. 

In the flowchart of Figs 23 and 24, steps 1001 
through 1009 and 1015 through 1023 are the same as ?5 
steps 801 through 809 and 81 5 through 823. Therefore, 
only the steps different from those in the flowchart in 
Figs. 21 and 22 (i.e.. steps 1010 through 1012 and 1024 
through 1028) are explained hereinafter. 

In Fig. 23, if it is the fuel injection timing for any of 2: 
the lean air-fuel ratio cylinders at 1007, the routine per- 
forms step 1010 to determine whether the rich spike 
operation is being performed. In this embodiment, the 
timing for performing the rich spike operation is deter- 
mined by another routine in the manner same as that in 25 
the embodiment in Fig. 5. If the rich spike operation is 
being performed at step 1010, the fuel injection amount 
TAU of the lean air-fuel ratio cylinder is calculated by 
TAU ~ TAUP/>. RR at step 1011. >. RB is the target 
excess air ratio of the lean air-fuel ratio cylinder during 30 
the rich spike operation, and is set at a value smaller 
than 1 .0 in this embodiment. 

On the other hand, if the rich spike operation is not 
being performed at step 1010, the fuel injection amount 
TAU is calculated at step 1012 in the same manner as 35 
step 811 in Fig. 21. 

Further, in the setting operation of the ignition tim- 
ing in Fig. 24, when the rich spike operation is being 
performed at step 1024, the ignition timing AOP of the 
lean air-fuel ratio cylinders are calculated at steps 1025 4c 
and 1 026 by AOP = AC AL RR + p . AC AL RR is the opti- 
mum ignition timing (MBT) when the excess air ratio of 
the cylinder is >. RRl and p is a relatively large constant. 
On the other hand, if the rich spike operation is not 
being performed at step 1 024, the ignition timing AOP is 45 
calculated at steps 1027 and 1028 in the same manner 
as steps 825 and 827 in Fig. 22. 

As explained above, by performing the routine in 
Figs. 23 and 24, the ignition timing of the rich air-fuel 
ratio cylinder is advanced with respect to the MBT, and sc 
the rich spike operation is performed in the lean air-fuel 
ratio cylinders periodically to cause the NOx absorbent 
7 to release the absorbed NO x . Further, since the igni- 
tion timing of the lean air-fuel ratio cylinders is largely 
advanced with respect to the MBT, the sudden change ff 
m the output torque during the rich spike operation does 
not occur in this embodiment. 

Figs 25 and 26 show a flowchart illustrating the 
control for setting the ignition timing and the fuel mjec- 
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tion amount for the variable rich air-fuel ratio cylinder 
engines in the embodiments in Figs 17 and 18. This 
control is performed by a routine executed by the ECU 
30 at predetermined rotation angles of the crankshaft of 
the engine (for example, at every 30° rotation angle). In 
this control, the fuel injection amount and the ignition 
timing of the respective cylinders are switched in 
accordance with the timing diagram in Fig. 19. 

The flowchart in Figs. 25 and 26 are different from 
the flowchart in Figs 21 and 22 only in that steps 1206 
and 1218 are newly added. Namely, in this embodiment, 
the cylinder which is to be operated at a rich air-fuel 
ratio is determined at step 1206 and 1218 based on the 
timing diagram in Fig. 19, and, at step 1207 and 1219, it 
is determined whether the identified cylinder at step 
1203 and 1217 agrees with the rich air-fuel ratio cylinder 
determined at step 1206 and 1218. 

By determining the rich air-fuel ratio cylinders at 
steps 1206 and 1218 based on the timing diagram in 
Fig. 19, only the ignition timing of the rich air-fuel ratio 
cylinder can be advanced with respect to the MBT. 

Next, the embodiment in which the amount of NO x 
produced in the cylinder is increased by reducing the 
amount of EGR gas is explained. As explained before, 
in the fixed rich air-fuel ratio cylinder engines such as in 
Figs. 15 and 16, the amount of EGR gas supply can be 
reduced (supply of EGR gas can be stopped) by discon- 
necting the rich air-fuel ratio cylinder from the EGR pas- 
sage. Namely, in Figs. 15 and 16, the EGR passage 81 
is connected only to the lean air-fuel ratio cylinders No. 
2 to No. 4 by the solenoid valves 812,813,814, and the 
rich air-fuel ratio cylinder No. 1 is not connected to the 
EGR passage 81 . Therefore, EGR gas is not supplied to 
the rich air-fuel ratio cylinder No. 1. 

However, since the rich air-fuel ratio cylinders in the 
variable rich air-fuel ratio cylinder engines in Figs. 17 
and 18 are switched sequentially, the EGR gas supply 
control in Fig. 27 is required to reduce (stop) the supply 
of EGR gas to the rich air-fuel ratio cylinders. 

Fig. 27 is a flowchart illustrating the EGR gas sup- 
ply control in the embodiment in Figs. 17 and 18. This 
control is performed by the routine executed by the ECU 
30 at predetermined intervals. 

In Fig. 27, at step 1401 , the crank angle CA is read 
in. At step 1403, the target EGR gas supply amount 
(which corresponds to the degree of opening of the 
solenoid valves 81 1 to 81 4) is calculated in accordance 
with the engine load condition. Then, at step 1405, the 
cylinder which is in the intake stroke is determined from 
the crank angle CA. Further, at step 1407, the cylinders 
which are to be operated at a rich air-fuel ratio is deter- 
mined in accordance with the timing diagram in Fig. 19. 

At step 1409, it is determined whether the cylinder 
which is determined as being in the intake stroke at step 
1405 is the rich air-fuel ratio cylinder, and if the cylinder 
is the rich air-fuel ratio cylinder, the routine performs 
step 1411 to close the solenoid valve connecting the 
EGR passage 81 to the cylinder in the intake stroke. By 
doing so, EGR gas is not supplied to the intake ports of 
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the rich air-fuel ratio cylinders. Conversely, if the cylin- 
der which is determined as being in the intake stroke is 
not the rich air-fuel ratio cylinder, the solenoid valve is 
opened at the degree of opening calculated by step 
1403. Therefore, the calculated amount of EGR gas is 
supplied to the intake port of the lean air-fuel ratio cylin- 
der. 

By the EGR supply control as explained above, the 
supply of the EGR gas to only the cylinders operated at 
a rich air-fuel ratio can be stopped and, thereby, the 
amount of NO x produced in the rich air-fuel ratio cylin- 
ders increases. 

Though the EGR passage 81 is connected to the 
exhaust gas passage 4 downstream of the denitratmg 
catalyst 9 in the embodiments in Figs. 15 through 18, 
the EGR passage 81 may be connected other portions 
of the exhaust gas passage or the exhaust manifold (for 
example, 131 in Fig. 15). 

Further, though the EGR gas supply to the rich air- 
fuel ratio cylinders is completely stopped in the embod- 
iment in Figs. 15 through 18, the amount of NO x pro- 
duced by the rich air-fuel ratio cylinder can be increased 
if the amount of EGR gas supplied to the rich air-fuel 
ratio cylinders is reduced. Further, when the exhaust 
gas containing a large amount of NOx 'S recirculated to 
the cylinders, the amount of NO x produced by combus- 
tion decreases to keep the reaction in equilibrium. 
Therefore, it is preferable to recirculate the exhaust gas 
containing smaller amount of NOx by, for example, con- 
necting the EGR passage 81 to the exhaust gas pas- 
sage 4 downstream of the denitrating catalyst 9. 

Though the present invention has been described 
with reference to specific embodiments selected for the 
purpose of illustration, it should be understood that 
numerous modifications could be applied by those 
skilled in the art without departing from the basic con- 
cept and scope of the present invention. For example, 
instead of denitrating catalyst 9 in the embodiment 
explained in Figs. 1 through 27, a NO x reducing catalyst 
which is capable of selectively reducing NOx even in an 
oxidizing atmosphere may be disposed on the exhaust 
gas passage 4. 

The NOx reducing catalyst has a substrate made 
of, for example, zeolite ZSM-5, and metals such as cop- 
per Cu and iron Fe are attached there to by an ion 
exchange method. Alternatively, a substrate made of 
zeolite such as mordemte and precious metal such as 
platinum Pt attached thereon can also be used as the 
NO x reducing catalyst. The NOx reducing cataiyst traps 
NH 3 , HC and CO components in the exhaust gas in the 
pores of the porous zeolite, and selectively reduces the 
NO x in the exhaust gas using these trapped compo- 
nents even in an oxidizing atmosphere Therefore, by 
disposing the NOx reducing catalyst instead of the den- 
itrating catalyst 9, NO x in the exhaust gas can be 
reduced using the NH 3 produced by the three-way cata- 
lyst 5. 

In the exhaust gas purification device of the present 
invention, No. l cyiinder of the engine is operated at a 



rich air-fuel ratio and other cylinders (No. 2 to No 4) are 
operated at a lean air-fuel ratio. The exhaust gases from 
the No 1 and No. 2 cylinders are mixed each other and 
form a lean air-fuel ratio exhaust gas mixture Further, 

5 since the air-fuel ratio of the No. 2 cylinder is lean, the 
exhaust gas from the No. 2 cylinder contains a relatively 
large amount of NOy. Therefore, an exhaust gas mix- 
ture supplied to the three-way catalyst has a rich air-fuel 
ratio and contains a relatively large amount of NO x . 

?c Therefore, at the three-way catalyst, a part of NO x in the 
exhaust gas mixture is converted to NH 3 . The exhaust 
gas mixture flowing out from the three-way catalyst and 
the lean exhaust gas from the No. 3 and No. 4 flows into 
a common exhaust gas passage where they mix each 

r£ other to form a lean exhaust gas containing NH 3 from 
the three-way catalyst and NO x from the No. 3 and No. 
4 cylinders. This lean exhaust gas flows into a denitrat- 
ing cataiyst disposed on the common exhaust gas pas- 
sage. Therefore, NOx in tne exhaust gas is reduced by 

2c NH 3 at the denitrating catalyst. 

Claims 

1 . An exhaust gas purification device for an internal 
25 combustion engine comprising: 

conversion means for converting at least a part 
of the NOx components contained in the 
exhaust gas to NH 3 when the air-fuel ratio of 
so the exhaust gas supplied to the conversion 

means is rich; 

NO x purification means disposed on an 
exhaust gas passage of the engine for causing 
the NOx components in the exhaust gas of the 

35 engine to react with NH 3 produced by said con- 

version means and causing the NO x compo- 
nents to be reduced to N 2 by NH 3 ; and 
NO x increasing means for adjusting the air-fuel 
ratio of the exhaust gas supplied to said con- 

40 version means at a rich air-fuel ratio and, at the 

same time, increasing the concentration of the 
NO x components in the exhaust gas supplied 
to said conversion means to a value higher 
than the normal concentration of NOy compo- 

45 nents in the exhaust gas of the engine where 

the engine is normally operated at an air-fuel 
ratio same as that of the exhaust gas adjusted 
by said NO x increasing means. 

so 2. A device according to claim 1, wherein at ieast 
some of the cylinders of said engine are operated at 
a rich air-fuel ratio and at least some of the cylin- 
ders of the engine can be operated at a lean air-fuel 
ratio at the same time, and wherein said NO x 

55 increasing means comprises mixing means for mix- 

ing the exhaust gas from said rich air-fuel ratio cyl- 
inders and the exhaust gas from said lean air-fuel 
ratio cylinders to form a rich air-fuel ratio exhaust 
gas mixture to be supplied to said conversion 
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means 

3. A device according to claim 2, wherein said mixing 
means mixes the exhaust gas from said rich air-fuel 
ratio cylinder and the exhaust gas from said lean ? 
air-fuel ratio cylinder tn such a manner that the air- 
fuei ratio of the exhaust gas mixture becomes a 
predetermined rich air-fuel ratio at which the maxi- 
mum amount of the NO x components in the 
exhaust gas mixture are converted to NH 3 by said 
conversion means. 

4. A device according to claim 3, wherein said engine 
changes said cylinders to be operated at a rich air- 
fuel ratio sequentially. 

5. A device according to claim 2. wherein said NOy 
increasing means further comprises NO>- estimat- 
ing means for estimating the amount of the NO x 
components in the exhaust gas flowing into said 2: 
NCy ourrfication means and said mixing means 
comprises a mixing control means for adjusting the 
amounts of the exhaust gas from said lean air-fuel 
ratio cylinder contained in said exhaust gas mixture 

m accordance with the amount of the NO x compo- 2s 
nents estimated by said NO x estimating means. 

6. A device according to claim 1 , wherein said engine 
is a lean burn engine in which at least some of the 
cylinders of the engine are operated at a rich air- 30 
fuel ratio at least during a certain period of opera- 
tion, and wherein said NOy increasing means com- 
prises NO x production promoting means for 
increasing the amount of NO x produced in said rich 
air-fuel ratio cylinders and supplies the NO x - 3$ 
enriched exhaust gas from said rich air-fuel ratio 
cylinder to said conversion means. 

7. A device according to claim 6, wherein said NO x 
production promoting means increases the amount 40 
of NO x produced in said rich air-fuel ratio cylinders 

by raising the combustion temperature in said rich 
air-fuel ratio cylinders. 

8. A device according to claim 5, wherein said NO x as 
production promoting means increases the amount 

of NOy oroduced in said rich air-fuel ratio cylinders 
by advancing the ignition timing of said rich air-fuel 
ratio cylinder to a timing earlier than an optimum 
ignition timing. 50 

9. A device according to claim 6. wherein said engine 
comprises an EGR device for recirculating a part of 
the exhaust gas of the engine into the respective 
cylinders and wherein said NOx production promot- 55 
mg means increases the amount of NO x produced 

in said rich air-fuel ratio cylinders by decreasing the 
amount of exnaust gas recirculated into said rich 
air-fuel ratio cylinders 



10. A device according to claim 6, wherein said NO x 
production promoting means increases the amount 
of NOy produced in said rich air-fuel ratio cylinders 
by increasing the compression ratio of said rich air- 
fuel ratio cylinders 

11. A device according to claim 10, wherein said NO x 
production promoting means further comprises 
means for lowering the wall temperature of the 
combustion chamber of the rich air-fuel ratio cylin- 
ders 

12. A device according to claim 6, wherein said NO v 
production promoting means increases the amount 
of NO* produced in said rich air-fuel ratio cylinders 
by supplying a material which increases the amount 
of NO x m the exhaust gas when burned. 

13. A device according to claim 12, wherein said mate- 
rial contains at least one substance selected from 
benzene, toluene, xylene and styrene 

14. A device according to claim 1 . wherein said conver- 
sion means comprises a three-way catalyst. 

15. A device according to claim 1, wherein said NO x 
purification means comprises a denitrating catalyst 
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(54) An exhaust gas purification device for an internal combustion engine 



(57) In the exhaust gas purification device of the 
present invention, No. 1 cylinder of the engine is oper- 
ated at a rich air-fuel ratio and other cylinders (No. 2 to 
No. 4) are operated at a lean air-fuel ratio. The exhaust 
gases from the No. 1 and No. 2 cylinders are mixed 
each other and form a lean air-fuel ratio exhaust gas 
mixture. Further, since the air-fuel ratio of the No. 2 cyl- 
inder is lean, the exhaust gas from the No. 2 cylinder 
contains a relatively large amount of NO x Therefore, an 
exhaust gas mixture supplied to the three-way catalyst 
has a rich air-fuel ratio and contains a relatively large 
amount of NC X . Therefore, at the three-way catalyst, a 



part of NO x in the exhaust gas mixture is converted to 
NH 3 . The exhaust gas mixture flowing out from the 
three-way catalyst and the lean exhaust gas from the 
No. 3 and No 4 flows into a common exhaust gas pas- 
sage where they mix each other to form a lean exhaust 
gas containing NH 3 from the three-way catalyst and 
NO x from the No. 3 and No. 4 cylinders. This lean 
exhaust gas flows into a demtrating catalyst disposed 
on the common exhaust gas passage Therefore, NO x 
in the exhaust gas is reduced by NH 3 at the demtrating 
catalyst. 
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